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SUMMARY (ENGLISH)

In the search for a new material for solar cells, the quaternary chalcogenide
copper zinc tin sulfide (CuyZnSnS, or CZTS) is one potential candidate. It is
abundant, environmentally-friendly, inexpensive, and presently it has a mediocre
record efficiency of around 10% with potential to reach above 15%.

This thesis is a part of the work done in making the prospects of solution-
processed CZTS more fruitful. In addition to an inexpensive material, a cheap
production pathway is also required for the material to be suitable for solar
cells of the future. Solution-processing comprises either a nanoparticle ink or
a precursor ink that can be printed, sprayed, or in another way coated on a
substrate appropriate for mass production. For CZTS, the power conversion
efficiency of these device are lagging behind the vacuum processed CZTS thin
films, as certain challenges arise with solution-processing. The conversion of the
as-deposited amorphous or nanocrystalline thin films into an almost "monocrys-
talline" material is not effective under the current sulfurization conditions.

In this work, means have been taken to improve the properties of the nanopar-
ticles in order to make them easier to handle and better for the succeeding
sulfurization step. For this objective, two main routes have been pursued. The
first route was related to synthesizing larger nanoparticles than the typical out-
come of the synthesis route used, as these could be a better starting material for
grain growth. This was achieved by utilizing a two-step hot-injection method
for synthesizing nanoparticles; it adds an extra step, but the desired particle
sizes and particle size distributions were obtained. The second track concerned
developing a type of nanoparticles without any hydrocarbon surface coatings,
as these organic ligands have been challenging to remove in the succeeding an-
nealing steps. By choosing suitable solvents and precursors, organic ligand-free
nanoparticles were successfully synthesized in a facile one-step process. These
particles further introduced the advantage that they could be dispersed in simple
solvents such as water and ethanol.

To understand what happens to the as-synthesized material when it is heated,
a range of analyses were carried out with some slightly uncommon techniques
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for the field of CZTS: thermogravimetric analysis coupled with mass spectrom-
etry. This characterization resulted in knowledge of how solvents and ligands
evaporate or decompose as a function of temperature.

The final part of the work has been related to fabricating a thin-film absorber
layer from the CZTS nanoparticles. It is a common obstacle that grain growth
in these CZTS nanoparticle thin films is severely restricted, as the absorber
layer remains very porous or an organic layer is present at the back interface,
which was also seen here. Sodium in the form of NaCl salt was for the first time
dissolved directly in the nanoparticle ink - again with focus on environmental
friendliness and a low cost. The addition of sodium had a significant impact,
and it greatly enhanced both structural and optoelectronic properties of the
films.



SUMMARY (DANISH)

Denne ph.d. athandling handler om materialet CuzZnSnS, (CZTS) som bestar
af de almindeligt forekommende og miljgvenlige elementer: kobber, zink, tin og
svovl. CZTS skal bruges i lavteknologiske solceller, der forhabentlig vil blive
billigere end silicium-solceller i fremtiden. Udover et billigt materiale, er det
ogsa ngdvendigt med en billig fremstillingsmetode. Med vadkemisk deponering
er det muligt at spraye, printe, eller pa andre mader coate store overflader,
hvilket ggr metoden egnet til industriel brug. Denne athandling handler netop
om fabrikation af CZTS tyndfilm ved vadkemisk deponering.

Det fgrste trin i processen er at fremstille den "blak", som skal bruges til depo-
nering. Denne blaek kan enten bestd af CZTS nanopartikler eller en blanding af
Cu-, Zn-, Sn- og S-salte i det rigtige forhold. Fokus i dette arbejde har veeret
pa at syntetisere CZTS nanopartikler med den rigtige sammensaetning og med
forskellige fysiske egenskaber. Det er blandt andet lykkedes os at lave CZTS
nanopartikler der kan oplgses i miljgvenlige oplgsningsmidler sa som vand og
ethanol.

Den ferdige blek bliver efterfglgende deponeret enten gennem spray-coating,
doctor blading eller drop-casting. Derefter skal tyndfilmene varmes op, sa nano-
partiklerne vokser sammen til stgrre korn, da ladningstransporten i materialet
formindskes, hver gang en elektron stgder pa en korngraense. Denne kornvakst-
proces er blevet undersggt grundigt, da det ikke var tilstrakkeligt at sintre
materialet ved en hgj temperatur. Vi opdagede, at det ved at tilseette natrium
til blaekken, var muligt at opna den gnskede struktur i materialet. Desuden for-
bedredes materialets photoluminiscens vaesentligt, hvilket betyder feerre defekter
hvor elektroner og huller kan rekombinere.

De fgrste solceller er fremstillet, men kun for tyndfilm uden ekstra natrium tilsat.
Disse film var stadig for porgse til, at effektive solceller kunne produceres.






PREFACE

This thesis is submitted as a partial fulfilment of the requirements to obtain a
Ph.D. degree at the Technical University of Denmark (DTU). Most work was
carried out at the Risg campus in The Optical Microsensors & Micromaterials
(MIKRO) group, but part of the work was also done at Nanyang Technological
University (NTU) in Singapore. The work started August 15, 2013, and ended
October 14, 2016. The main supervisor has been senior scientist, dr. scient.
Jorgen Schou from DTU Fotonik, together with co-supervisor professor Yeng
Ming Lam from NTU.

The PhD project was part of the CHALSOL (Chalcogenide solar cell) project,
which was funded by The Danish Council for Strategic Research with 16 Mdkkr
or 2 M€. The aim of this project was to develop record efficiency devices
and aid in the understanding of the charge-carrier physics of chalcogenide solar
cells of CZTS by producing thin films by vacuum processing and wet-chemistry.
It was one of the first project working with pulsed laser deposition (PLD) of
thin-film solar cell absorber materials. The project was led by Jgrgen Schou,
in collaboration with professor Ole Hansen at DTU Nanotech, professor Nini
Pryds at DTU Energy, and professor Peter Uhd Jepsen at DTU Fotonik. Two
international partners were also participating: professor Yeng Ming Lam and
professor Rafal Dunin-Borkowski at the Ernst Ruska Center in Julich, as well
as one industrial partner, Ken Jensen, from Dansk Solenergi AS.

This PhD thesis is the outcome of the solution-processing track of the CHALSOL
project. The initial end-goal was to fabricate a solar cell with a 4% efficiency
by spray-coating. Other milestones included: (1) measuring a conversion effi-
ciency from solution-processed CZTS solar cells, (2) producing the first CZTS
films through spray-coating at DTU Fotonik, and (3) measuring a conversion
efficiency from a spray-coated CZTS solar cell. The project Gantt chart is dis-
played in Appendix [A] where also a list of all milestones is given.

At the start of this project, the MIKRO-group had no experience in either solar
cell fabrication or solution-processing. During the preceding three years, the
pipeline for solar cell production has been established. Regarding this, I have
been responsible for setting up the chemistry lab and involved in building the
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sulfurization oven.

OUTLINE OF THIS THESIS

The main research in this work was divided into nanoparticle synthesis, thermal
analysis of nanoparticle inks and powders, and sulfurization. The chapters on
thin-film deposition and solar cells should be considered as an introduction to
the field. Each chapter is built up with a general background and a description
of the experimental procedure, followed by results, discussion, and an outlook
section.

Chapter 1: Background This chapter introduces the reader to the field of thin-
film solar cells and solution processing, and in particular the material CZTS.
The motivation behind the work including current advantages and challenges
are presented. Physical properties of CZTS that are relevant for the succeeding
chapters will also be introduced.

Chapter 2: Synthesis of Cu;ZnSnS, Nanoparticles In this chapter, nanopar-
ticle synthesis is covered. The methods used are called the one-pot method
and the hot-injection method. Phase evolution and particle size distribution
are characterized, but the objective is mostly to obtain a suitable elemental
composition. This chapter is restricted to syntheses that can be reproducibly
prepared, so that rational adjustment of experimental conditions applies, along
with a few comments on failed attempts.

Chapter 3: Thermal Analysis of Cu;ZnSnS,; Nanoparticles and Inks This
chapter contains thermal characterizations of nanoparticle inks and powders
that aid in the understanding of what goes on during annealing. Thermal anal-
ysis describes how properties of materials change with temperature, and here
we monitor the mass, heat flow, and crystallinity in different atmospheres. As
an additional characterization tool, mass spectrometry is used for detection of
volatile species leaving the sample.

Chapter 4: Thin-Film Deposition The purpose of this chapter is to serve as
an introduction to thin-film deposition. This chapter briefly presents the de-
position techniques used to form thin films with a thickness of about 1 um
via solution-processing, including a description of the experimental setups, and
general results and observations. Finally, ideas on how to improve the repro-
ducibility of these coating methods will be given.
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Chapter 5: Sulfurization of Solution-processed Cu;ZnSnS, Thin Films This
chapter concerns sulfurization of CZTS nanoparticle and precursor thin films.
The objective is to achieve a dense absorber with micron-sized grains. We
found that the nanoparticle systems were very challenging to sinter, as a high
temperature was not sufficient to start the sintering process. We solved this by
eliminating the organic ligands that impeded the merging of the nanoparticles
and by including a liquid-phase additive during annealing to enhance grain
growth.

Chapter 6: Photovoltaic Behaviour of Solution-processed Cu>ZnSnS,; Thin—
Film Devices In this chapter, a few CZTS thin-film solar cells will be briefly
presented. A useful measure to determine the quality of the bare absorber lay-
ers is photoluminescence (PL). We found that the annealed ligand-free CZTS
nanoparticle thin films exhibited a high PL signal when sodium was included,
which indicates that radiative recombination is dominating, and thus fewer de-
fect states exist.

Chapter 7: Conclusion Here, the main findings will be collected, as well as
suggestions to what should be done next.

Risg, October 2016

Sara Lena Josefin Engberg
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SUPER-SHORT INTRODUCTION TO SOLAR CELLS

This page is a very basic introduction to solar cells, and the terminology used in
this field will be presented. The central part of a solar cell is a p-n junction, é.e.
a junction between a material that has a Fermi energy below the the middle of
the band gap and a material that has a Fermi energy above the middle of the
band gap. The former material has a surplus of free holes, i.e. it lacks electrons,
and the latter material has a surplus of free electrons. When these two materials
are brought into contact, the Fermi energy will align, and close to the junction
the valence and conduction bands will bend accordingly (Fig. I(a)). This in turn
creates an electrostatic field across the junction - the depletion region, which
allows carriers to drift under illumination. If the band gaps of the materials
are suitable for light absorption, i.e. absorb irradiation with wavelengths up to
the short end of infrared spectrum, and if the materials in other ways satisfy
the requirements for photovoltaic activity, for example, that it can be produced
with few defects and with a small amount of secondary phases, a solar cell can
be formed by connecting the p-n junction to an external circuit.

For thin-film solar cells, direct band gap materials with high absorption coef-
ficients are used as either the p- or the n-type material, as only a film of a
thickness around 1 um is required to absorb enough light. This layer is called
the absorber, as its purpose is to absorb all light. The n-type layer consists
of the buffer and the transparent conductor, and its function is to provide the
interface for the p-n junction. Fig. I(b) displays a typical solar cell architecture
for a thin-film solar cell.

This thesis is about the absorber material.

Illumination

p-type
n-type

Anti-reflective coating
Transparent conductor

Band gap

(a) (b)

Figure I: Schematics (a) of p-n junction, where Vo is the maximum voltage that can be
generated in the solar cell, and a model (b) of typical thin-film solar cell structure.



CHAPTER 1

BACKGROUND

The goal of this chapter is to introduce the reader to the field of thin-film solar
cells and in particular the material CZTS. The motivation behind the work
including current advantages and challenges are presented. Physical properties
of CZTS that are relevant for the succeeding chapters will also be introduced.
The chapter is concluded with a description of the solution-processing method.

1.1 SOLAR ENERGY

The Earth is not an isolated system; human actions can perturb the equilibrium
state we are in, and eventually bring us out of balance. Our modern lifestyle
would not be possible without energy for producing and preparing food, read-
ing books in the dark at night, working on solving problems in medicine, and
research at the university. As living standards increase, more people can af-
ford to buy meat, cars, flight tickets, and all of which requires energy. "We
have gome from being a small world on a large planet, to a large world on a
small planet”, as Johan Rockstrom put it. Any kind of man-made change can
influence parameters we often think of as constant, such as the Earth’s envi-
ronment, temperature, sea water level, and biodiversity, and thereby destabilize
this planet. Taking all parameters into account results in an extremely com-
plicated system and simplified models are necessary to make predictions of the
future. One such model is the concept of planetary boundaries - an attempt
to create a safe operating space for global civilizations [1, 2]. Rockstrém et
al. identify and assess the main fields of change within the Earth system, and
define related biophysical thresholds that should protect humanity from disas-
trous consequences. According to the UN, the solution to avoid these disasters
is named "sustainability" and sustainable development comprises "development
which meets the needs of the present without compromising the ability of future
generations to meet their own needs" [3]. We need energy, but from sustainable
sources like solar energy.



2 BACKGROUND

1.1.1 PRESENT STATUS AND FUTURE PROSPECTS OF SOLAR ENERGY

Solar energy is the only form of renewable energy that by itself can provide for
the growing energy demand of the future [4, [5]. It has great potential as it is
basically unlimited, and therefore well worth exploring. The compound annual
growth rate (CAGR) of solar cell installations has grown by 41% from 2000 to
2015 [6]. In 2015, the price for solar energy in Southern and Central Europe
was 5-8 €c/kWh, and depending on annual sunshine, power cost of 4-6 €c/kWh
are expected by 2025, reaching 2-4 €c/kWh by 2050 according to a conservative
estimate [7].

Today, silicon (Si) solar cells is the leading commercial photovoltaic (PV) tech-
nology. The reasons for this are high efficiency and low cost due to its high
abundance on earth, low toxicity, and well-established production methods. A
new report suggests that by 2040, 35% of the extra installed electricity gener-
ated will be solar energy [8]. Whether Si technology is the ultimate PV solution
to lead the industry through this growth is arguable [9], and there are many
alternative PV materials such as CdTe, Culn,Ga;_,Ses (CIGS), organic, dye-
sensitized, and the up-and-coming perovskites.

An important measure when comparing solar cell technologies is the energy pay-
back time (EPBT). The PV modules produce environmentally-friendly electric-
ity, without polluting, without emitting greenhouse gases, and without utilizing
fossil fuels, but energy and resources go into making the modules. The EPBT
accounts for the time it takes the solar cell to generate the energy required to
produce the PV system, and is therefore a time frame of how long the module
needs to be working to pay back and be worthy of the investment. The EPBT
depends on the geographical location, and for multi-crystalline Si it is around
2.5 years in Northern Europe versus 1.5 years or below in Southern Europe. For
such a solar cell with a 2 year EPBT and a 20 year lifetime, the PV module can
generate ten times the energy needed to fabricate it. Certain PV technologies
even have a lifespan of 30 years and an EPBT of 0.7 years at some locations [6].
The family of solar cells called thin-film solar cells have a lower EPBT than Si
solar cells [I0], which makes them a good alternative for future needs.

1.1.2 THE AREA OF THIN-FILM SOLAR CELLS

From a materials-saving perspective, thin-film solar cells are appropriate as
they only need a thickness of around 1 pum for sufficient light absorption. The
first thin-film solar cells were developed in the 1960s, and consisted of either
Cuz_,S/CdS, Cus—_,Te/CdTe, or CdS/CdTe, with power conversion efficiencies
up to 6%. In 1977, the first CulnSes (CIS)/CdS solar cell was fabricated with an
efficiency of 4-5%. In 1994, 9.7% efficiency was achieved with a InyO3/CdS/CIS
structure, and in 1997 it was found that alloying CIS with a small amount of
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Ga would improve the efficiency to over 10% efficiency. This finding was the
start of the CIGS material research.

Within the last 20 years, six thin-film solar cell materials have achieved an
efficiency, 7, higher than 10%: CdTe (n = 22.1%), CIGS (n = 22.6%), CulnGaS,
(n = 13%), GaAs (n = 28.8%), CuzZnSn(S;Se;_4)4 (CZTSSe) (n = 12.6%), and
CuzZnSnSey (CZTSe) (n = 11.6%), whereof the first three are on the PV market

1T}, 12, 13, [14].

This thesis concerns the quaternary material copper-zinc-tin-sulfide, CusZnSnSy,
abbreviated CZTS, i.e. it does not contain selenium. The interest in this ma-
terial has increased rapidly in recent years, as can be seen from the number of
publications in Fig. [[.1|(a), compared to CIGS in (b).
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Figure 1.1: Number of published papers and patents on CZTSSe (a) and CIGS (b) within
the last 20 years (taken from Web of Science [13]).

1.1.3 REcoRD CZTS EFFICIENCIES THROUGHOUT TIME

The work on CZTS started around 1988, when Ito and Nakazawa synthesized
the first CZTS solar cell [16]. From this point, the power conversion efficiency of
CZTS solar cells has been constantly rising, and some selected device efficiencies
are showed in Fig. for various deposition methods. Squares mark that
the CZTS absorber is deposited through solution-processing, and circles mark
vacuum processing.

To shortly summarize the evolution since 1996, a few key discoveries will be
mentioned: The group of Katagiri and co-workers made improvements within
vacuum processing, increasing the efficiency of co-evaporated and sulfurized
films [I7, [I8], and later by Schubert et al. [I9]. In recent years, sputtering
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Figure 1.2: Evolution of CZTS efficiencies for various deposition methods, where circles
represent vacuum deposition and squares solution-processing.

has produced the champion CZTS devices |20, 21], 22], and applying a high-
temperature annealing after CdS deposition has led to the current record of
9.4% [23]. Another technique which is being explored is pulsed laser deposition
(PLD) [24], where an efficiency of 5% was recently achieved.

Progress has also been made for solution-processed CZTS solar cells made by
wet-chemical means. In 1996, Nakayama and Ito made the first CZTS solar cell
through spray pyrolysis and annealing in HyS [25]. The first CZTS nanoparticle
solar cell was produced in 2009 by Steinhagen et al. with an efficiency of 0.23%
[26], and since then a few devices has been made with around 2% efficiency
[27), 28] 29, [30]. In 2015, Liu et al. developed the current record device of
4.83% [31]. Another popular approach within solution-processing is utilizing
a precursor ink, which has led to the highest efficiency for solution-processed
CZTS films of 5.7% for metal salts in dimethyl-formamide and propanol [32],
and 5.14% for milled precursors [33], and other devices at 5% for metal salts in
ethanol and water [34] 35]. Of other techniques used, common ones include the
sol-gel method [36], 37], electrodeposition [38, [39], combustion method [24], and
sulfurization of binary and ternary nanoparticles [40].

1.1.3.1 INCLUSION OF SELENIUM

In literature, the abbreviation "CZTS" is interchangeably used for the quinary
semiconductor CZTSSe. The record efficiency of the selenium-containing CZTSSe
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is 12.6% and was fabricated through the hydrazine-mediated route [4I]. Other
solution-processed devices are also performing better when they contain both
S and Se; the best nanoparticle device with an efficiency of 9.0% [42], the best
precursor device with 8.6% (compared to 5% when annealed in only sulfur atmo-
sphere) [43]. The record power conversion efficiency of the pure selenide CZTSe
is 11.6% [14], and was fabricated by evaporation.

The reason why adding Se improves the efficiency could be explained by some
of the differences between S and Se:

e CZTSe has a band gap of 0.95-1.05 eV [44], while CZTS has 1.45-1.51 eV
[45], so by alloying the two, the band gap can be tuned according to the
solar spectrum [43].

e The conventional device structure with CdS as the buffer layer, might
work better with low-band gap materials [44].

e The size of Se (1.98 A) is larger than S (1.84 A), so when Se replaces S
in the crystal lattice during annealing, a volume expansion occurs. This
in turn leads to the elimination of voids and results in the formation of a
dense film with fewer grain boundaries [46].

e Sulfur vacancies (Vg) have a significantly lower formation energy than
selenium vacancies (Vge), which gives rise to deep Vg donor defects in the
sulfide compound [47].

e A lower population of isolated deep defect states in the form of Snyy
exist in CZTSe, and also lower electron trapping of [2Cuyz,+Snz,| defect
clusters in CZTSe when compared to CZTS [47].

e MoS, formation at the back contact during sulfurization [48], could be
damaging the the solar cell performance [49, [50].

Nonetheless, since Se is toxic and more rare than S, the pure-sulfide CZTS
should be more environmentally-friendly.

1.2 PHYSICAL PROPERTIES OF CZTS

CZTS is a chalcogenide material, which means that the anion is a chalcogen from
Group 16 in the periodic table that includes oxygen, sulfur, selenium, tellurium,
or polonium. It exists naturally on Earth as a mineral named kesterite, from
which the crystal structure is also named [45].

1.2.1 CRYSTAL STRUCTURE

The periodic array of ordered elements makes up the crystal structure. CZTS
exists in four different phases: stannite, kesterite, wurtz-stannite, and wurtz-
kesterite, and an overview of differences between the stannite and kesterite struc-
tures can be found in Table All crystal structures appear in the Inorganic
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Crystal Structure Database (ICSD) [51], with X-ray diffraction (XRD) patterns
determined from single-crystal XRD, and the phases are also confirmed by the-
oretical calculations. More information in the crystal structure can be found in
the book Copper Zinc Tin Sulfide-Based Thin-Film Solar Cells [45].

Table 1.1: Overview of the four different crystal structures CZTS exists in, in-
cluding total energy, experimental and theoretical band gap, crystal
structure, cation ordering, and anion position [45] 44 511, [52].

Crystal structures

Kesterite Stannite
Tetragonal (Diamond) Tetragonal (Diamond)
Cation ordering (z = 0, i, %, %) CuSn, CuZn, CuSn, CuZn  ZnSn, Cus, ZnSn, Cus
Energy (meV/atom) 0 2.8
Energy (meV /cell) 0 50
a (A) 5.427 5.450
c (A) 10.871 10.878
c/a 2.003 1.996
Band gap (exp.) (eV) 1.45-1.51
Band gap (theo.) (eV) 1.47-1.65 1.27-1.42
Absorption coefficient (cm~1) > 104

The crystallographic unit cell is the smallest building block and it is different for
the kesterite and stannite crystal structure. The relative difference lies in the
cation position, where kesterite has Cu in each plane, while stannite has Zn-Sn at
thez =0and z = %, and Cuy at the z = i and z = %, (as described in Table.
In both structures, Sn is located at the same site [45]. Density functional theory
(DFT) calculations have given the total energy of the CZTS system for different
crystal structures, and have showed that the kesterite crystal structure is the
ground state, but stannite is only 2.8 meV /atom above it (wurtz-kesterite is 6.0
meV /atom and wurtz-stannite 7.2 meV /atom are of the Lonsdaleite family, with
monoclinic and ortorombic structure, respectively). This means that kesterite
CZTS has a total energy per primitive cell that is 50 meV lower than the stannite
CZTS, and kesterite is therefore slightly more stable. Kesterite will be formed
under equilibrium growth conditions, but since the energy difference is small,
both phases may coexist [44].

1.2.2 DEFECTS

High-efficiency CZTS devices are always off-stoichiometric with a composition
that is Cu-poor (Cu/(Zn+Sn)<2) and Zn-rich (Zn/Sn> 1), while still maintain-
ing the kesterite structure [22,[31),[33]. This can be realized from the formation of
desired defects while avoiding unwanted ones and secondary phases. Especially
Cu-on-Zn antisites (Cuz,) have very low formation energies, and are believed to
be the main acceptor-defects responsible for the p-type conductivity of CZTS
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Figure 1.3: Calculated defect states in CZTS from Walsh et al. [53]. (Red numbers
correspond to charge of defect).

[47]. An overview of possible defect state energies are displayed in Fig.
In particular, the defect cluster [2Cuyz,+Snyz,] induces electron-trapping states
in the solar cell absorber, and its population increases dramatically when Zn
becomes poor. This is why Cu-poor and Zn-rich conditions results in the higher
solar cell efficiencies [47].

1.2.2.1 CATION ORDERING

Disordering among the Cu and Zn cations in the kesterite z = 1/4 and z = 3/4
layers can also occur. Disorder is caused by thermal fluctuations in the crystal
lattice from the crystal being in a dynamic equilibrium. Scragg et al. investi-
gated CZTS thin films with near-resonant Raman spectroscopy, and determined
the order-disorder transition temperature to be 260°C£10°C [54]. The order-
disorder transition phenomenon has also been characterized by neutron diffrac-
tion where the heating/cooling rate was found to be important for the degree
of ordering [55]. Different levels of ordering/disordering has been calculated to
result in band gap variations in the order of 100 meV [56]. The effect ordering
has on power conversion efficiency is not however clear, as different results have
been reported.

1.2.3 SECONDARY PHASES

A popular way to present the composition is with the ternary phase diagram
(Fig. [1.4), in which the sulfur concentration is kept constant. Very good com-
positional control is required to obtain the CZTS phase in the narrow phase
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Figure 1.4: Ternary phase diagram illustrating the narrow region of interest where CZTS
formation is favourable. Typical secondary phases are also illustrated. Figure
from Du et al. [57].

Table 1.2: Selected physical properties for common secondary phases found
in CZTS solar cells (inspired by [58 59} 60]). *Indirect/direct.

7ZnS CusS SnS SnSo Cu2SnSs
Band gap (eV) 3.7 1.2 1.0/1.3%* 2.5 0.9
Electrical Insulator p-type, p-type n-type p-type
behaviour metal like,
highly
defective
Impact on n Insulating, Metallic, Forms Affects
reduces de- creates diodes and carrier
vice active shorts barriers collection
area for carrier efficiency
collection

region indicated in the center of the phase diagram, and secondary phases are
very common. It is not always certain how a secondary phase affects the ab-
sorber layer and the solar cell performance, but some physical properties of
secondary phases that are believed to be potentially present in CZTS solar cells
are listed in Table

1.2.4 CHALLENGES RELATED TO CZTS

The above sections have introduced defects, disorder and secondary phases in
the Cu-Zn-Sn-S system, and the narrow phase region where CZTS is formed.
A Cu-poor and Zn-rich composition is required for a high-efficiency solar cell
absorber. Furthermore, there is consensus in literature that the low open-circuit
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voltage, Voc in all devices, is one main limitation for CZTS solar cells [61]. The
loss in Vo is explained by too much recombination.

1.3 MOTIVATION BEHIND CZTS THIN-FILM SOLAR CELLS

The optical properties of CZTS are one straightforward reason for further inves-
tigation. The absorption coefficient of 10° cm ™! of this direct band-gap material,
results in that 99% of the light is absorbed within an absorption depth of 1 um
of the material. The band gap of 1.45-1.51 eV is close to the optimal value for a
single junction solar cell, which was calculated by Schockley-Queisser to be 1.34
eV [62], and the maximum efficiency only varies a few percentages some tenth
of an eV around this value.

Good optical properties are not enough to make a good p-type absorber for a
solar cell. In addition to this, good band alignment, a high carrier mobility, and
high carrier lifetime are also required [63], but since CZTS has a good resem-
blance to CIGS, it is believed that these properties can be tuned accordingly.

Furthermore, CZTS consists of abundant materials, which makes it comparably
in-expensive, and environmentally-friendly. These features are explored further
in the following sections.

1.3.1 MATERIAL ABUNDANCE

Thin-film solar cells of CdTe and CIGS are already on the market and contain
scarce materials. Indium and gallium are on the list of critical materials for the
EU [64] and indium, gallium, and tellurium on a similar list in the U.S. [65]. The
abundance of the elements is important to take into account when considering
the long-term target of providing continued growth and cost reduction of solar
energy installations in the future. For this, natural resource limitations could
be bottlenecks that hamper the production. If all of the scarce materials re-
serves were used for solar cells in 2100, all current mature technologies (silicon,
thin-film and concentrator solar cells) would only meet 2% (upper limit) of the
predicted energy demand [66]. Particularly, the scarcity of indium and tellurium
would limit scale-up of CdTe and CIGS and the scarcity of silver for electrodes
would limit scale-up for silicon solar cells to terawatt level deployment [67].
Some do not believe material availability is a problem, at least as long as the
demand and thus the price for indium and tellurium does not escalate severely
(68, [69].

Estimating the world-wide availability of materials is tricky, and tellurium and
indium are both by-products from mainly copper recovery and zinc production,
respectively, but can also be mined from other minerals’ ores as well. Data are
gathered from countries’ own assessments, company reports, trade journals, and
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academic papers, and these are used to estimate the already known and yet to be
found reserve volumes [69]. As the methods, assumptions and data in all scarcity
assessment papers vary, uncertainty on whether material availability becomes a
constraint arises. Nonetheless, a co-existence of different PV technologies would
mitigate the risks related to dependency on only one type of solar cell structure,
and choosing more abundant elements when developing this material has its
advantages.

Copper, zinc, tin and sulfur are all considered abundant materials. The least
abundant elements, Zn and Sn, are 1500 times and 45 times, respectively, more
present in the earth’s crust than In, and the price of In is almost two orders-of-
magnitude higher than that of Zn and Sn [70].

1.3.2 ENVIRONMENTAL IMPACT

An operating solar cell does not cause any negative environmental impact, but
there could however be greenhouse gas emission during manufacture, toxic mate-
rials included in the solar cell, and a high amount of energy and water consumed
during manufacturing [68] [71].

Environmental impacts can be assessed from a life cycle analysis. This model
considers all environmental impacts for a product’s life span from cradle to
grave, including raw material acquisition, material’s processing, manufacture,
distribution and usage, recycling and waste management [72]. One such study
comparing the replacement of CIGS with CZTS, finds that the ecotoxicity would
be significantly reduced by avoiding Ga [(1]. However, for the current technolo-
gies the global warming effect, the water usage and the energy required for
production are slightly higher for CZTS. These assessments should - just like
the material availability assessments - be interpreted with caution, as many
assumptions are used for the analysis.

Heavy-metals are of special concern because they can have a high ecotoxicity,
and the typical CIGS and CZTS solar cells normally contain a CdS buffer layer.
Cadmium is classified as carcinogenic and it is on the list of the ten chemicals
with major public concern for the World Health Organization [73]. Cadmium
could leak out into the environment either during fires or if the PV panels are
abandoned as landfill. Tests have shown that 99.50-99.96% of the cadmium
contained in a CdTe panel would be safely encapsulated during a fire, and that
combining this with the risk of a residential fire in a wood-frame building in
the US, the probability of cadmium emission is close to zero [74]. Also, landfill
under controlled circumstances should not present a safety concern [68]. For
CZTS solar cells, work is being done to replace CdS with an alternative inorganic
buffer layer [75] [76], [77, [78], or even fullerenes [79], as CdS in true does not have
the best band alignment to CZTS.
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The highest environmental impact related to the absorber layer was found to be
the total electricity used for fabrication [[71]. More focus on improvement of the
manufacturing process would therefore be the greatest contributor to decreasing
the environmental impacts of these thin-film absorber materials, which is why
solution-processing is of interest.

Synthesis Deposition  Annealing

W" "J*J
L J”

Figure 1.5: The CZTS solution-processing route, illustrating that the starting ink either
consists of nanoparticles or precursors. Thin-film deposition is typically done
in a multilayer fashion, with pre-annealing treatments in between each step.
Annealing (also called sulfurization) is done at a higher temperature to merge
the nanoparticles into larger grains or to crystallize the precursors into the
CZTS phase.

CZTS
nanoparticles

CZTS
precursors

1.4 SOLUTION-PROCESSING

In this thesis, CZTS absorber layers will be fabricated through solution-processing.
For large-scale semiconductor fabrication to be useful in the future, a low-cost,
solution-processable fabrication method is of great importance [9]80]. The ideal
process to construct an environmentally-friendly, cheap solar cell, should include
solution-processing of all layers potentially on a flexible substrate, without the
use of toxic solvents/chemicals or expensive elements, under ambient processing
conditions, and with a high degree of recycability [81]. Several good reviews
exist on liquid coating methods to produce low-cost solar cells [82].

Solution-processing is a bottom-up approach where a small building block is
utilized to design and build a system. Using nanoparticles is an easy and con-
venient way to assemble a device, and parallels can be drawn to a printer ink,
paint, or even Lego blocks. The chemistry offers infinite possibilities; for exam-
ple new properties can be obtained by changing the number of carbon chains in
the solvent molecule. The general route of solution-processing involves several
steps, including ink formation (precursors choice and preparation), deposition,
and heat treatments [83]. A sketch is showed in Fig. where it can be seen
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that the ink is prepared either from precursors or nanoparticles, and sulfurized
to form larger CZTS grains.



CHAPTER 2

SYNTHESIS OF CU9ZNSNSy
NANOPARTICLES

In this chapter, nanoparticle synthesis is covered. The methods used are called
the one-pot method and the hot-injection method. Phase evolution and particle
size distribution are characterized, but the objective is mostly to obtain a suit-
able elemental composition. This chapter is restricted to syntheses that can be
reproducibly prepared, so that rational adjustment of experimental conditions
applies, along with a few comments on failed attempts.

2.1 INTRODUCTION

The term nanopartz'cleslﬂ refers to particles in the size range between of 1 nm and
100 nm (10? atoms to 107 atoms). For these systems surface properties become
important compared to their bulk counterparts, as the surface-to-volume ratio
is 3/r, where r is the radius. When the nanoparticle size decreases, the optical
and electronic properties of the colloidal system can change. For example, the
band gap changes when the particle size is below the exciton Bohr radius. For
the case of CZTS, the exciton Bohr radius is estimated to 2.5-3.3 nm [85], which
is well below the size range we synthesize. Therefore, the electronic properties of
the nanoparticles are not expected to be size-dependent. One general research
objective for nanoparticle synthesis has been to obtain a monodisperse size dis-
tribution. This is because a uniform size distribution would result in uniform
optoelectrical properties of the whole system. However, the sole purpose of the

I'The term nanoparticle is used to describe nano-sized particles. The word nanocrystal
implies that the complete particle consists of one nano-sized crystalline domain, while
nanoparticle would then be used to denote amorphous or multi-domain inorganic cores
[84]. Due to a lack of investigations with sufficient amount of samples, since there is no
urgent need for crystallinity in the particles that that will be annealed at a later stage, we
will use the term "nanoparticles".
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CZTS nanoparticles synthesized here is to be used as the starting material for
grain growth. Therefore, the aim is not to achieve a uniform size distribution.

Nanoparticles synthesis can be done in liquid phase, gas phase or solid phase [86].
CZTS nanoparticles have been synthesized with many different methods. To
mention a few, from the solid state there is milling [87] [88], and solid solution
reactions [89]. The liquid phase is the most frequently used for synthesis, as it al-
lows for the best control of the reaction and serves as a medium for nanoparticle
dispersion after synthesis. Liquid phase synthesis routes include arrested precipi-
tatiorﬂ [90], the solvothermal (or hydrothermal) approach [91],92] 93] [94] [95] [96],
microwave assisted synthesis [97, 98], and the organometallic/reduction route
(including the hot-injection and one-pot method) [26] 42| [46]. The difference
between the one-pot and the hot-injection methods is that the for the one-pot
method, reactants are mixed at a lower temperature and heated up to the re-
action temperature, while for the hot-injection method reactants are mixed at
the reaction temperature.

The organometallic/reduction route was developed by Bawendi’s group [99]. It
is a widely applied nanoparticle synthesis approach where selected reagents in
a solution are injected into a mixture of other reagents and/or solvents that
are kept at a certain temperature. The isothermal temperature ensures that
undesired phases can be minimized, and a relatively high temperature results in
higher reaction rates and better crystallinity with less defects. The hot-injection
approach is used for controlling optoelectronic material properties, with appli-
cations within light emitting diodes (LEDs), display technologies (quantum dot
displays), medicine, catalysis, etc. The method is fast, up-scalable and en-
sures low material loss which makes it an interesting approach for synthesizing
nanoparticles for solar cell absorber materials, and is why it was chosen to be
used for this work.

2.1.1 THEORY OF NUCLEATION AND GROWTH

In this section, a presentation of nanoparticle nucleation and growth in solution
is given. The process starts with homogeneous nucleation, and is followed by
homogeneous growth, Ostwald ripening, and aggregation.

The formation of a new crystalline entity from a solution starts with the precur-
sor salts transforming to active monomers which initiate the nucleation process.
Nucleation is a thermodynamic process describing the first step in a first order
phase transitionlﬂ Two different types of nucleation exist: homogeneous and
heterogeneous, where the former refers to uniform formation of nuclei within a

2Synthesis in water at room temperature.
3Kinetics models also exist that describe the non-equilibrium reactions towards equilibrium,
see [100] for a detailed model.



2.1 INTRODUCTION 15

solution, and the latter to nucleation on a different media, such as other parti-
cles or the reaction beaker. Here we are interested in homogeneous nucleation.
Nanoparticle nucleation in solution can be modelled with the Classical Nucle-
ation Theory (CNT), which was originally developed for two-phase systems (i.e.
gas/solid, solution/solid, melt /solid) in 1926-1943 [86] [10T].
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Figure 2.1: Model of total free energy, AG, as a function of nucleus radius, r. The curve
has a maximum, AGq, at the critical radius, r., which marks the first stable
particle - the nucleus. Inspired from [102].

The driving force for nucleation is the difference in chemical potential, Apu,

between a molecule in a solution with chemical potential, i, and a molecule in
the bulk of a crystal with chemical potential, p., defined as

Ap = pis — pe (2.1)

Thermodynamics tells us that

Ap=kTInS (2.2)

where k is the Boltzmann constant, 7' the temperature, and S the supersatu-
ration ratio. For nanoparticle growth in solution, the supersaturation ratio has
been given as

(2.3)

where Cy, is the supersaturation concentration and C, the saturated concen-
tration [86]. The difference in free energy, AG, can in its simplest form be
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determined as the chemical potential between the final and the initial state for
N monomers, and an additional term that takes the formation of an interface
into account, as

Surface term  Volume term

—~N —_—
AG = 4mr?y — NAp (2.4)

where r is the radius of the nucleus, v the surface energy per unit area of the
nucleus. N can be expressed as

47T7“3

N=2

(2.5)

Vs

i.e. the volume of a nucleus divided by the volume of a monomer in the nucleus,
vs. The surface term in Eq. is positive, and the volume term negative,
which results in that the curve for the nuclei free energy has a maximum at a
critical radius, r. (see Fig. . For a stable nuclei to form, a nuclei size of

29w
= Au

(2.6)

Tc

must be exceeded. The corresponding activation energy (free energy barrier)
becomes

_ 167312

AGe = 1

2.7)

The spontaneous process is characterized by a decrease in the free energy, and
thus the particles with a size larger than r. will grow while the smaller ones
will dissolve again. The above derivation shows that a supersaturated solution
is required for nuclei formation.

Once the nuclei are formed, homogeneous growth will proceed. During this step,
nuclei grow by consuming monomers. Monomers will diffuse to the nucleus sur-
face where they adsorb and can be incorporated. The driving force for particle
growth is to minimize the surface free energy.

At some point the concentration of monomers in the solution will be exhausted,
and the concentration falls below the supersaturated threshold. No further nu-
cleation will occur, and homogeneous growth will also be reduced. Now growth
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by Ostwald ripening can take place. Larger particles grow and smaller particles
dissolve and disappear, to reduce the surface energy of the system [86].

The final growth mechanism is aggregation, where the large surface area and
surface energy can cause particles to merge together. Most times smaller parti-
cles will be absorbed/engulfed by larger particles, instead of same size particles
merging. The barrier for aggregation increases with particle size, which makes it
more dominant for smaller particle sizes. The growth rate is higher than for ho-
mogeneous growth, but the process is also less controllable. Stabilizing agents,
such as ligands, can be used to minimize aggregation. However, in solution the
ligands are constantly adsorbed/desorbed on the surface of the particles, which
anyway can lead to aggregation.

Rapid self-nucleation

o Growth by diffusion

Saturation

Concentration

Time

Figure 2.2: La Mer model of nucleation and growth . I: prenucleation phase, 11: nucelation
phase, and III: growth phase, where C; is the saturation concentration of
monomers, and Css the supersaturation concentration.

2.1.1.1 LA MER MODEL

In the 1950s, La Mer and co-workers developed a method for obtaining monodis-
perse nanoparticles. They found that separating the nucleation and the growth
events was the cue for controlling the particle size. The well-known La Mer
model is displayed in Fig. a) [103] 104]. In phase (I), the monomer con-
centration, C, is quickly increased to above the supersaturated threshold, Cjg,
where the energy barrier (activation energy) for nucleation can be overcome
and nucleation can occur in phase (IT). When the monomer concentration again
reaches Csg, the nucleation comes to an end. This ensues the final stage (IIT),
where particle growth proceeds as homogeneous growth, Ostwald ripening or
aggregation, and can be interpreted as heterogeneous nucleation/growth, until
the monomer concentration is lowered to the solubility limit [84] [T02] 105]. If
the concentration stays above Css for an extended period of time, i.e. if the
nucleation rate is too low, then growth will occur at the same time. This will
make a monodisperse size distribution less likely.
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Figure 2.3: Types of repulsive forces between particles, including electrostatic, steric and
sturctural forces (adapted from [106]).

2.1.1.2 INTERPARTICLE FORCES

Once the nanoparticles are formed, a stable ink is desired to facilitate homo-
geneous growth as well as uniform deposition. A stable ink is one where the
nanoparticles are dispersed in a solvent and do not precipitate. Once parti-
cles are in direct contact with each other, irreversible adhesion will often occur
which is followed by precipitation. Therefore it is necessary to avoid coagula-
tion. This is achieved by balancing the attractive van der Waals forces between
particles with repulsive interparticle forces. The total interparticle potential
energy, Viotal, Of a particle in a solution is governed by

‘/total - VvdW + ‘/elect + ‘/steric + ‘/structural (28)

where V4w is the attractive van der Waals potential energy between particles,
Veieet the electrostatic repulsive potential energy from particles with charges of
the same sign, Viieric the steric repulsive potential energy resulting from polymer
species adsorbed on the surface of the particles, and Vi ycturar the structural
potential energy from non-adsorbed species in the solution that could either
increase or decrease the stability of the suspension (Fig. . Expressions for
all these forces can be found in [I05] [I06]. The most used route to keep CZTS
nanoparticles apart, when synthesized via the organometallic/reduction route,
is sterical stabilization by ligands. Ligands can also have other effects such as
to passivate and protect the surface against oxidation and electronic traps from
surface defects [102] [106]. The type of stabilization mechanism dictates the type
of solvent that can be used. For example, long, bulky hydrocarbon chains can
typically only be dispersed in non-polar solvents, while electrostatically stabi-
lized particles would be dispersed in polar solvents. Examples on exchanging
the long ligands to shorter ones exist, and is one route that has been examined

for CZTS nanoparticles [84] [107].

2.1.2 REACTION CONDITIONS FOR CZTS NANOPARTICLE GROWTH

Numerous studies on the influence of the reaction conditions for CZTS nanopar-
ticle synthesis have already been conducted, and this section will present a short
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overview of some relevant findings. In particular, studies on the effect of synthe-
sis temperature, synthesis time, precursor concentration, solvent, and injection
rate are presented. All examples concern the hot-injection method, except when
otherwise stated.

e The reaction temperature is limited by the boiling point of the solvent,
and a higher temperature should provide more thermal energy for each
atom to find an energetically favorable bonding position and thus reduce
defects in the crystal lattice. Furthermore, different phases evolve at dif-
ferent temperatures. For the one-pot method, Cu-S is typically formed
below 180°C, followed by incorporation of Sn to create Cu-Sn-S by cation
exchange or ionic diffusion and nucleation of Zn-S as the temperature is
increased. Finally, the CZTS phase will form as the binary and ternary
particles will dissolve or fuse together [1I08], 109, 110]. Larger particles can
be achieved at higher temperature [85] [108§].

e The influence of reaction time is important for the formation of wurtzite
CZTS, and several secondary phases were detected for reaction times below
2 h and 4 h, respectively [27, 011], whereas kesterite CZTS was formed
already after 10 min [ITI]. For small particles (less than 7 nm), reaction
time did not affect the synthesized product [85].

e The precursor concentration can be used to tune the composition in the
CZTS nanoparticles [112].

e The choice of solvent should affect the growth rate, and different sol-
vents have been seen to result in different XRD peak sharpness (particle
sizes) [29]. The particle shape can be tuned with the solvent [I08], as
well as the phase (wurtzite/kesterite) [111, 113} 114]. Furthermore, the
amount of solvent used can affect the particle size (less solvent results in
larger particles) [85], as a higher ligand concentration makes it harder for
particles to grow, and inhibits nucleation.

e Finally, the injection rate should affect the particle size distribution [84].
This was studied once, and very slow injection rates were used (inject 5 ml
with speeds between 2.5 ml/h and 20 ml/h). The particle size increases
and size distribution widens for faster injection ratesﬂ [56].

The complete process of nanoparticle synthesis depends on a wide range of
parameters such as the surfactant molecules, the precursors and the solvent,
and this is still not completely understood [I15]. The theoretical description in
Section [2.1.1] should aid in the understanding of the process, but cannot easily
be directly applied to the experiments.

4Their injections take between 2 h and 15 min (except for "quick injection"), and nucleation
can occur in the sub-picosecond time scale [86], so they are more likely studying growth
with constant addition of monomers (maybe some re-dissolution of particles or the alike.).
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2.2 EXPERIMENTAL DETAILS

Synthesis of air-sensitive compounds is normally done with a so called Schlenk
line, which allows for pumping and purging with an inert gas [116].

N, flow Dual manifold

Oil bubbler

Vacuum
line

Portex PVC
tubing

Condenser

Heating
mantle

Temperature
controller

Figure 2.4: Image (a) and schematics (b) of experimental setup.

2.2.1 EXPERIMENTAL SETUP

The Schlenk line was purchased from Sigma Aldrich and placed in a fume hood
with flow velocities between 0.3 m/s and 0.5 m/s. An image and schematics of
the setup can be seen in Fig. The Schlenk line consists of a dual manifold,
with one compartment connected to a vacuum pump from Pfeiffer Vacuum
(model MVP 070-3 2013/12, base pressure approx. 1072 mbar) and the other
to a flow of nitrogen. The nitrogen flow is stopped with an oil bubbler, which
allows a slight overpressure of nitrogen inside the system and is a convenient way
to monitor the gas flow. A 100 ml three-necked reaction flask can be connected
to the manifolds via PVC tubing, and by the valves it can be controlled whether
the system should pump or purge. Additional equipment includes a rubber
stopper that a syringe can perforate, a thermometer immersed in the reaction
mixture, a condenser, and a heating mantle (maximum temperture 450°C, 150
mm from Buch & Holm). The heating mantle was placed on a magnetic stirrer
from Schott Gerdte GMBH.

The temperature of the reaction mixture was controlled by a home-made system,
since the heating mantle only could be turned on and off. A K-type thermo-
couple from Thermocoax (inconel 600 sheat material, @1 mm, length = 80 cm)
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was placed between the heating mantle and the reaction flask, and connected to
a temperature controller from Intercontrol Regutherm. The temperature con-
troller will set the temperature, but due to varying positions of the thermocouple
inside the heating mantle, the temperature in the reaction mixture has to be
monitored simultaneously.

To aid mixing of solvents and dispersing particles, a sonicator from Branson,
Bransonic Ultrasonic Cleaner was used (model 2510E-MT, 100 W with a fre-
quency of 42 kHz).

2.2.1.1 PARTICLE CLEANING AND COLLECTION

Synthesized particles can be cleaned and collected via centrifugation. As de-
scribed above, particle aggregation takes place when the repulsive forces from
e.g. the capping ligands cannot balance the attractive van der Waals forces
between particles. The energetic barrier to aggregation depends upon the en-
ergy of mixing between the capping ligands and the solvent. By adding a non-
solvent that is miscible with the original solvent, this barrier is lowered and
the nanoparticles are destabilized in the dispersion and will aggregate. Further-
more, centrifuging this mixture increases precipitation of the particles. Large
particles have larger attractive forces, and will aggregate first. Smaller nanopar-
ticles, excess capping molecules and salts will be left in the supernant, and these
synthetic by-products can be dispensed. The precipitate can be redispersed in
solvents if the capping ligands are well-bound [84]. A centrifuge purchased from
Thermo Fischer (model Megafuge 8, with a HIGHConic rotor, a capacity for
6x50 mL, and a maximum speed of 8,700 rpm), was used with capped conical
test tubes from Corning (Sterile, 50mL, PP, 17000xg, 29 mmx 114 mm).

15 min 40 mi th
. min
Measure 5 min . 2h Cool down,
Start =>»{ chemicals and Prepare setup Degas ando => Inject S- > collectand > Finish
solvents heat to 220°C source wash
A particles
15 min
> 6h Clean with Remove
detergentand | > 8h Transferto | >1.5 h | residual dirt
Drying, incl. | rinse in DI water, | base bath [Tt gry from
cool down transfer to oven glassware

Figure 2.5: Process flow diagram of tasks related to one synthesis.

2.2.2 EXPERIMENTAL PROCEDURE

The typical salts used for CZTS synthesis are acetates, acetylacetonates and
chlorides, and these are not expensive [I17]. All chemicals used are listed in
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Papers I-III, together with the nanoparticle synthesis recipes used. An il-
lustration of the tasks required for a typical synthesis is depicted in Fig.
where time estimates also are given. The total time is about 20 h, and the active
working time is about 4 h.

As an example of a hot-injection synthesis procedure, the recipe for ligand-free
nanoparticles (Paper II) will be given here. Calculated amounts of CuCls-2H- 0O,
Zn(OAc); and SnCly-5H20 were mixed with 7 ml diethylene glycol (DEG) in
the three-necked flask. The reaction mixture was degassed for 20 min under
stirring at room temperature and then the temperature was increased to 220°C
while purging with nitrogerﬂ The color of the mixture evolved from green to
transparent at 210°C (Fig. . Afterwards, a solution containing 1 mmol S,
0.5 ml triethylenetetramine (TETA) and 1 ml DEG was quickly injected to the
flask while stirring the solution (S was first dissolved in TETA and then DEG
was added to this solution). The mixture now turned black. The reaction so-
lution was kept under stirring at 220°C for 2 h, and thereafter the resulting
mixture was allowed to naturally cool down to room temperature.

10 ml deionized (DI) water and 10 ml ethanol were added to the mixture, and it
was transferred to a 50 ml conical centrifuge tube. After 10 min ultrasonication,
the mixture was centrifuged at 6000 rpm for 10 min and the supernatant was
decanted. The precipitate was subsequently rinsed through dispersing in a solu-
tion mixture containing 5 ml DI water and 5 ml ethanol, followed by centrifuging
at 6000 rpm for 10 min.

Figure 2.6: Color evolution of ligand-free nanoparticle synthesis: From green at room
temperature to transparent at 210°C. At 220°C the S-TETA/DEG solution
is injected, which causes the color change from transparent to black.

2.2.3 CHARACTERIZATION

The experimental techniques used for characterization of the Cu-Zn-Sn-S col-
loidal systems include (in descending order of amount used): Energy-dispersive

STETA has a boiling point of 260°C and DEG of 245°C. In practice, the mixture of the two
solvents started to boil at 220°C, and the reaction temperature was kept just below this
point (216-218°C).
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X-ray spectroscopy (EDX or EDS), X-ray diffraction (XRD), Raman spec-
troscopy, transmission electron microscopy (TEM), Fourier transformed infra-
red spectroscopy (FTIR) , and X-ray photoelectron spectroscopy (XPS). Here,
focus is put upon the most used techniques, the reliability of the results, and
which references were used. For typical measurement conditions, see Papers I-
I11.

2.2.3.1 ENERGY DISPERSIVE X-RAY SPECTROSCOPY (EDX)

The elemental composition is determined with the technique "EDX". A sample
is bombarded with a beam of electrons which excite the inner electrons in the
material, and when they relax into the ground state, characteristic X-rays are
emitted. Qualitative analysis can be done on elements with atomic number from
Z =10 (Z = 4 for some equipment) to Z = 92, but for a precise quantitative
analysis calibration is recommended. Certain elements have very similar ener-
gies, which led to difficulties particularly in Paper IV, where Na was included.
The K, energy of Na (1.041 €V) is very close to the L, energy of Zn (1.012 V)
and Cu (0.930 V). Likewise, S (2.307 €V) and Mo (2.293 €V) have very similar
energies, which made them hard to distinguish.

The measurements carried out in this work were not calibrated, since the nanopar-
ticle samples contain various amounts of organic materials and different grain-
sizes. Calibration would require a sample with a precise amount of cations, but
adding an unknown quantity of e.g. carbon would change the matrix correc-
tion (i.e. ZAF (atomic number, absorption, and fluorescence) correction) of the
material.

To obtain reliable measurements, film thickness of more than 1 pum as well
as a sufficient measurement time should be used. Due to lack of calibration,
there could be a systematic error related to these measurements, so that some
elements are always overestimated and some always underestimated. Thus,
these measurements should not be considered as absolute values, but rather
serve as a comparison between similar samples.

2.2.3.2 X-RAY DIFFRACTION (XRD)

Diffraction is based upon a principle of constructive interference, and follows
Bragg’s law: nA = 2dsin(f), where n is an integer, A the wavelength of the
incoming X-rays, d the spacing between crystal planes, and 6 the angle of in-
coming light. Peaks appear for XRD at certain 26 angles because of constructive
interference: X-rays are scattered in all directions, but the signal is weak except
for when crystal planes reflect the X-rays constructively. The XRD pattern
thus gives us the d-spacings in the crystal. To assign a phase to pattern with
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Figure 2.7: XRD reference patterns of CZTS and CZTSe (a), substrate signals (b), and
potential secondary and ternary phases in the Cu-Zn-Sn-S system (c), (d), (e),
and (f). Some of the measurements in (b) were done by Naghmeh Mirbagheri.
Corresponding 1CSD coll. codes are also noted.
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certainty more than three peaks should be present. The peak intensity can vary
depending on preferential orientation.

All XRD peaks were matched manually to the references from the ICSD, most
of which are displayed in Fig. with corresponding collection codes. The
diffraction patterns for kesteritZTS and CZTSe are showed in Fig. a).
The 260 diffraction peak positions for CZTS are at 28.5°, 32.9°, 47.4° and 56.3°;
and for CZTSe, the peak positions shifted to lower values, 27.3°, 36.2°, 45.3°
and 53.7°. These peaks correspond to the (112), (200), (220), and (312) plane
reflections for CZTS, and (112), (105), (204), and (312) for CZTSe, respectively.
The Bragg angles for CZTSe are shifted to lower values compared to CZTS be-
cause CZTSe has a larger lattice-spacing than CZTS due to the larger Se atoms
(120 pm) replacing the S atoms (100 pm). One explanation for the occasionally
seen broadening of the main kesterite (112)-reflection is the existence of wurtzite
(100) and (101) planes [II1]. Similar broadening features have also been seen
in CIGS, where the broadening and the sharp shoulder on the left side of the
peaks were attributed to planar defects in the lattice [118].

The XRD patterns of the bare substrates are displayed in Fig. 2.7(b). "Green
glue" denotes the glue used to hold the samples in position, which could be
detected for small samples.

Some selected secondary phases in the Cu-Zn-Sn-S system are showed in Fig.(c)—
(f). CZTS, CuzSnSs (ICSD coll. code 50965) and ZnS (ICSD coll. code 77090)
have the same d-spacings, and can therefore not be easily distinguished with
XRDﬂ There are a few small peaks, e.g. one peak at 23.1° in the CZTS pattern
that is not present for CusSnS3 or ZnS, which is why we start the measurements
at 20°. However, this peak could of course stem from other phases such as SnS
(ICSD coll. code 52106) or CugSnS, (ICSD coll. code 833).

Figure 2.8: Optical micrograph used for determining where to do a Raman measurement.
A typical "bright spot" and "dark spot" are indicated.

2.2.3.3 RAMAN SPECTROSCOPY

Raman modes are strongly affected by the crystal structure and chemical com-
position, which is why it is useful for detecting secondary phases. Raman spec-

6Stannite and kesterite CZTS cannot be distinguished with conventional XRD [45].
"Similarly for CZTSe, its peaks overlap with ZnSe and CuaSnSes.
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Table 2.1: Raman shifts for common secondary phases, where bold marks the
most intense peaks. Inspired by [119].

Phase Raman shift (cm—1) Reference
CZTS 68, 82, 97, 140, 164, 255, 263, 271, 287, 302,  [120} 121} 127
316, 332, 338, 347, 353, 367, 374
Cu3SnSy (orthor.) 295, 318, 348 [123), 124]
CusSnSs (tetragonal) 297, 337, 352 [123, 124]
CusSnSs (cubic) 267, 303, 356 [123, 124]
Cu2SnS3 (monoclinic) 290, 352, 314, 374 [125], [126]
Cus_,S 264, 475 [124]
ZnS (cubic) 275, 352 [124]
Sn$ (orthor.) 96, 163, 189, 220, 288 [124] 127, 128
SnSy (hexagonal) 312 [124) [127), [128]
SnsSs (orthor.) 87, 183, 234, 251, 307 [127, [128]
MoSs (hexagonal) 288, 384, 410 [121), 124]

troscopy is based on inelastic scattering of incident light. It probes the Stokes-
and anti-Stokes-shifts in an excited semiconductor. The Stokes shift results in
the creation of a phonon, and a loss in energy. The anti-Stokes shift requires an-
nihilation of a phonon for a gain in energy. The Stokes shift is more likely, since
it does not require energy, and therefore has a higher intensity and is what we
probe for. The difference in frequency between the incident light and scattered
light, is called the Raman shift.

In this work, the Raman spectra are generally acquired by analyzing a sample
in several places, and choosing a representative spectrum. This spectrum is
affected by scattering (surface roughness) and the measurement conditions, so
the same conditions were used for all samples. The Raman effective analysis
depth can be estimated from d, = 5= [129], and this gives 500 nm [130], when
the absorption coefficient of CZTS is 10*cm ™. In fact the absorption coefficient
can go up to 10°cm ™!, which results in a laser penetration depth of 50 nm. The
optical micrograph used to determine where to do a Raman measurement can
be used to detect suspiciously looking phases (Fig. . Most times bright
spots were holes in the CZTS nanoparticle layer and a a peak shift at 402 cm~!
could be detected, which corresponds to MoS,. The dark spots also indicated in
the image had similar spectra as the surrounding material. The Raman peaks
used for peak identification are collected from different references, and listed in

Table 211

2.3 RESULTS AND DISCUSSION

In the search for the best CZTS nanoparticles for a solar cell ink, I have worked
on creating and optimizing several different syntheses: both for kesterite and
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wurtzite nanoparticles, with and without organic ligands, and via both the one-
pot and hot-injection method, as well as making CZTS thin films directly from
precursors. Some of them were successful, some of them not. Here, I will present
the results I obtained and why I gave up the one-pot method in Section
and the more useful results for the large CZTSe kesterite nanoparticles in Section
[2:3:3] and finally the ligand-free kesterite CZTS nanoparticles in Section 2.3.4]

2.3.1 GENERAL REACTION PATHWAY

The CZTS nanoparticles are formed through a redox reaction, where the oxida-
tion states of the chemical species change during the reaction. This is necessary
e.g. for Cu, since its oxidation state in the salts is +2 but in CZTS it is +1.
The reaction pathway for all syntheses is:

Redox reaction: 2Cu%t + Zn?t + Sntt + %Sg + 10RA — CusZnSnS4 + 10RAT

Reduction 1: 20u%T 4+ 2¢~ — 2Cut
Reduction II : 1S5 +8e™ — 487~
Oxidation I: 10RA — 10RAT + 10e~

where RA denotes reducing agent. The reducing agent is required for donation
of additional electrons. The oxidation states of the metal salts are either un-
changed or reduced, and the reducing agent is oxidized. In the syntheses, either
oleylamine (OLA) or DEG/TETA were used as reducing agents. These solvents
are well-known reducing agents for CZTS synthesis [I31], 132]. OLA partici-
pates in the reaction mechanism, where it in the presence of a Cu precursor is
oxidized above 130°C and cause Cu reduction. Even metallic Cu was detected
after synthesis [133]. We have also seen metallic Cu nanoparticles with TEM
EDX for some syntheses. Accordingly, the presence of DEG/TETA can reduce
Cu?* to Cut [132].

To confirm the oxidation state of copper, zinc, tin, and sulfur elements in the
synthesized nanoparticles, the ligand-free nanoparticles (see Section were
analyzed with XPS (Fig. . As explained in Paper Il the oxidation states
found were Cu™, Zn?*, Sn**, and S?~ which is in agreement with the oxidation
states of Cu, Zn, Sn and S in the CZTS phase.
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Figure 2.9: XPS spectra of the as-synthesized sample P6 (see Section 2.3.4), with (a)
Cu 2p, (b) Zn 2p, (c) Sn 2d, and (d) S 2p signals. Figure adapted from
Paper II. XPS measurements taken by Andrea Crovetto.

2.3.2 LIGAND-COATED CZTS NANOPARTICLES (ONE-POT SYNTHESIS)

In August 2013, only few sulfide CZTS nanoparticle solar cells had been devel-
oped. The earliest working device (which was produced by spray—coatin@, by
Steinhagen et al. seemed like a good place to start [26]. Steinhagen et al. used
the one-pot method. Therefore, the outcome of trying to repeat this synthesis
is presented in this section.

Table 2.2: Effect of varying metal salt concentration on elemental composi-
tion. The percentages are average atomic percentages of at least
five measurements with corresponding standard deviations. The
Cu-salt used is Cu(acac)q, the Zn-salt is Zn(OAc)q, and the Sn-salt
is SnCly-5H50. The composition is showed as CZTS, but could in
fact be a mixture of different phases.

Sample  Cu-sat  Zn- Sn- Cu (at.%)  Zn (at.%)  Sn (at.%) S (at.%) Composition
(mmol)  salt salt
(mmol)  (mmol)

A1l 0.50 0.39 0.24 20.6+2.7 13.241.8 9.6+ 1.2 47.643.2  Cug 1Znj 4SnS5 g
A2 0.50 0.39 0.24 27.141.6 15.842.4 10.2+1.3 46.943.2  Cug gZn] 55nS4.¢
A3 0.40 0.40 0.26 24.542.6 15.6+2.8 11.6+1.4 48.342.7  Cug.1Zn] 4SnS4 o
A4 0.40 0.43 0.28 21.042.4 18.841.2 12.4+41.4 47.943.3  Cuj.7Zn] 55nS3 g
A5 0.40 0.36 0.26 25.740.7 15.341.0 11.3+40.2 47.640.8  Cugp.3Zn] 4SnSy o
A6 0.40 0.36 0.31 24.440.9 13.540.9 13.740.7 48.441.5  Cuj.gZnj oSnS3 5
AT 0.40 0.38 0.31 23.841.1 13.740.5 13.4+40.8 49.141.1  Cuj.gZnj oSnS3 7
A8 0.40 0.38 0.28 24.640.7 16.040.4 10.740.9 48.74+1.6 CugZng 1SnSy 3

2.3.2.1 REPRODUCIBILITY

An example of how difficult controlling the EDX measured composition of the
nanoparticles with the one-pot synthesis has been, can be seen in Fig.
Here, the Cu- and Zn-ratios in the synthesized products are plotted as a func-
tion of added salt concentrations. One should in principle be able to tune the
composition by changing the salt concentration, but the reproducibility issue

8The goal for this project was, as stated in the Preface, to produce CZTS solar cells by
spray-coating technique.
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Figure 2.10: Composition in terms of Zn-ratio (i.e. Zn/Sn) and Cu-ratio (i.e.
Cu/(Zn+Sn)) as a function of changing the added Zn and Cu metal salt
concentration. The Sn-amount was mostly fixed to 0.24 mmol except when
marked, and the S amount to 1.01 mmol. There are some general trends:
Adding more Zn (greyish colors), on average results in a higher Zn-ratio than
adding less Zn (blueish colors). Likewise, adding more Cu (larger circles)
results in a higher Cu-ratio than adding less Cu (smaller circles). However,
the main point of the plot is that it is difficult to control the composition
with the one-pot method under the conditions used here.

suggests that another factor is at play. The difference between the one-pot (or
the heat-up method) and the hot-injection method depends on the temperature
at which the S-source is added, and this could explain the scattering of the mea-
sured data. During the heat-up phase of the one-pot reaction, different phase
formations become favorable: at 180°C Cus_,S is formed, which transforms into
a Cu-Sn-S phase at 200°C, and subsequently incorporates Zn to form CZTS at
220°C [108]. Maintaining the reaction in one phase formation regime for a time
period longer would bring the reaction into formation of more or less of a par-
ticular secondary phase. Furthermore, the one-pot method does not separate
the nucleation and growth events. This has conventionally been considered as
a detrimental state towards achieving control over particle formation. However,
there are recent examples of where monodisperse CZTS nanoparticles have been
synthesized in this way, by choosing suitable precursors, stabilizers, and heat-
ing rates [134], [135]. Admittedly, the typical heating rates in our experimental
setup were not very carefully controlled, and the main goal was to reproduce
the results of Steinhagen et al. so that no other precursors or stabilizers were
used.
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The large spread of the measurements could also stem from other errors. These
include: (1) weighing the salts, especially the tin chlorides, which easily absorb
a lot of water, (2) uneven stirring and particles left on the edge of the flask, (3)
errors from measuring the composition with EDX, whether from varying sample
thickness or different amount of organic material left in the films.
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Figure 2.11: XRD patterns (a) and Raman spectra (b) of selected syntheses from the
one-pot method. TEM micrograph (c) of particles from the circled synthesis

in Fig. (i.e. A3).

The compositions of a few selected syntheses are showed in Table and some
addition characterization in Fig. including XRD patterns, Raman spectra,
and a TEM micrograph of nanoparticles A3 (the circled point in Fig. .
The synthesized material never reached the desired composition, but this does
not have to be detrimental, as the composition can change during annelaing.
For example, the atomic percentage of Sn can be increased by adding SnS-salt
during sulfurization [I36]. The XRD patterns of most syntheses show the main
CZTS peaks, and no other phases could be detected (Fig. a)), and similarly
the Raman spectra only display the main CZTS peaks (F(b)) The XRD
peaks are broad, which indicates small crystallites. An estimate of the average
crystallite diameter can be obtained by using the Scherrer equation,

K\

D=2
FWHM cos(6)

where K is a constant depending on the particles shape (for spherical particles,
K = 0.9 is typically used), A the wavelength of incident X-rays (A = 0.154 nm),
FWHM the full width at half maximum of the peaks, and 6 the angle [I37]. For
sample A3, D becomes 5.7 nm, which is similar to the particle sizes in the TEM
micrograph (Fig. 2.11c)). The broad Raman peaks have also been linked to
small particle sizes [85].




2.3 RESULTS AND DISCUSSION 31

2.3.2.2 OUTCOME

When the composition was satisfactory, these nanoparticles were used for ther-
mal analysis, to optimize the deposition condition, and for studying the anneal-
ing conditions. Furthermore, it is important with a precise temperature control
when working with the one-pot synthesis, since minimal changes in ramp rate
could potentially result in different nanoparticles created. Interestingly, XRD
and Raman characterization only show the desired CZTS peaks, while the EDX
measurements suggest a very off-stoichiometric CZTS. For instance for A1, the
measured EDX composition appear unrealistic for the CZTS phase. Either the
material contains secondary phases, or the synthesized material was close to
having the correct composition, but the EDX measurements simply had a lot of
variations from different amount of organic residue in the films.

2.3.3 LIGAND-COATED CZTSE NANOPARTICLES

This section concerns our results on how one can synthesize nanoparticles larger
than what is typically obtained with the hot-injection method. The motivation
for this work was manifold. The main goal in the literature until now has been
to achieve a narrow size distribution in order to form a compact film [138]. How-
ever, perhaps a better packing density can be achieved from having a mixture of
large and small nanoparticles, as predicted by theoretical models for bidisperse
random packings [I39] 140, 141, 142]. A better packing density with larger
particles could mean a better starting point for grain growth during annealing,
which means savings in terms of lower sulfurization temperature or shorter time.
Perhaps, if the particles are micron-sized, no annealing would be necessary, as
have been seen in other systems [143]. In this project, we made an exception
and used selenium to study particle growth. This section gives a summary of
the main findings in Paper I, as well as presents a few un-published results.

2.3.3.1 SUMMARY OF FINDINGS IN PAPER

In Paper I, a new approach to the typical synthesis procedure is presented. In
short, a solution of Se-trioctylphosphine (TOP) was injected into a dispersion
of CZTS nanoparticles in hexadecane at a suitable synthesis temperature. This
allowed the transformation from CZTS nanoparticles to CZTSe nanoparticles.
The resulting material was characterized by XRD, Raman, EDX, and TEM. The
interesting finding was that the CZTSe nanoparticles were significantly larger
than other CZTSe nanoparticles synthesized by the hot-injection method in the
literaturd’l

9The co-called "CZTSe" nanoparticles actually contained about 10% S, but are called CZTSe
for simplicity.
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First, we demonstrated that it was possible to transform CZTS nanoparticles
into CZTSe nanoparticles by injecting Se. We studied the effect of synthesis
temperature, time, and injected Se-concentration for the conversion from CZTS
to CZTSe. There was no significant correlation with the transformation tem-
perature. The injected Se-concentration dictated the transformation rate from
CZTS to CZTSe, since the nanoparticles contain a higher atomic percentage of
Se the higher Se-concentration is injected (after 30 min of reaction). Finally, by
imaging particles as a function of synthesis time, particle growth was found to
occur.
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Figure 2.12: Atomic (a) percentages and (b) ratios versus reaction temperature for 30
min and 1.33 M Se. TEM micrographs (c)-(e) of particles as a function of
time at 230°C and 0.66 M. Large particles exist already after 3 min under
these conditions, but fewer than for longer times. EDX measurements taken
together with Zhenggang Li, and images taken by Zhenggang Li.

2.3.3.2 THE EFFECT OF SYNTHESIS TEMPERATURE

The transformation was optimized with respect to reaction temperature, and
the composition after transformation can be seen in Fig. No significant
correlation was found in terms of temperature. The elemental ratios in the
material is not very well-controlled (Fig. [2.12b)), as the Cu- and Zn-ratios
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fluctuate. This is a consequence of a few percentage variation in the measured
atomic percentages (Fig. [2.12(a)), and a good example of how sensitive the
final composition is on slight variations in reaction conditions. Another outcome
from this study is that more S is exchanged by Se as the reaction temperature
increases. A reaction temperature of 250°C was used for the main experiments,
and Paper I displays how particle growth occurs at this temperature.

Fig. c—e) show particle size evolution at a lower temperature of 230°C,
where particle growth also is observed. Note that also less Se is injected than
in Paper L. A very wide size distribution is seen in Fig. 2.12|e), however this
could also depend on the amount of washing the particles.

(b) 0.66 M (c) 1.33 M (d)2 M

Figure 2.13: TEM micrographs of different injected Se-concentration for 30 min of reac-
tion at 250°C. Images taken by Zhenggang Li.

2.3.3.3 THE EFFECT OF INJECTED SE-CONCENTRATION

The optimal concentration of injected Se was determined based on measuring
the composition of the particles (Fig. 4 in Paper II). We found that more
S is exchanged by Se as the injected Se-concentration increases, and that the
Cu, Zn and Sn atomic percentages remain rather constant. After 30 min of
reaction time, the ratio of CZTS converted to CZTSe increases at higher injected
Se-concentrations. Moreover, the substitution of S to Se seems to approach
saturation after 2 M of Se. In order to observe changes on a suitable time scale,
a concentration of 1.33 M was chosen for the main study.

The particle sizes were preliminary investigated (Fig. 2.13(a)-(d)), and when
no Se was injected, no significant particle growth was observed. On the other
hand, when Se was injected large particles were seen, but with no clear difference
between the different Se-concentrations.

2.3.3.4 PROPOSED FORMATION MECHANISM

A few different formation mechanisms could be used to explain the results.
These include (1) ion exchange by diffusion in the lattice, or (2) nucleation and
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growth of a new CZTSe phase. The XRD patterns (Fig. 2 in Paper I) showed
the presence of either CZTS or CZTSe (with a small amount of S included),
which rules out anion exchange by lattice diffusion. Therefore, the new CZTSe
phase would be formed from the added Se-precursor and cations dissolved from
he surface of the nanoparticles. The CZTSe phase nucleates and grows because
it is more stable since it has a lower enthalpy of formation than the CZTS phase,
and because the Se-amount made up 200% of the initial S-amount.

2.3.3.5 OUTCOME

The usefulness and relevance of this study can be discussed. Hopefully, it can
be used as inspiration in the future if a system with a wide size distribution is
needed. A polydisperse size distribution is normally a sign of lack of control in
a colloidal system, as it can be difficult to control the size distribution in combi-
nation with the particle phase and composition. The synthesis route presented
here, allows control of particle phase and composition while obtaining a wide
particle size distribution. No matter what, we would like to avoid Se in our
solar cells, so no more work on these particles was conducted.

2.3.4 LIGAND-FREE CZTS NANOPARTICLES

The aim of this project was to fabricate CZTS solar cells by spray-coating. A
synthesis of good quality, ligand-free CZTS nanoparticles by the hot-injection
method was therefore interesting to develop. First of all, the ink would be free
from toxic constituents such as toluene, pyridine, and thiol-based solvents, and
polar solvents in the form of water/ethanol mixtures can be used instead. In ad-
dition, polar solvents have the advantage that they permit direct solubilization of
additional precursor chloride salts and beneficial dopants such as sodium, potas-
sium, and antimony in controllable amounts [144]. Therefore, post-incorporation
of dopants is circumvented. Furthermore, these particles would be "ligand-free",
and no organic material from the ligands will remain in the film after deposition
as was our main challenge when annealing the ligand-coated nanoparticle films
(Chapter [3)).

Ligand-free CZTS nanoparticles can be obtain either by ligand-exchange, or
by synthesizing CZTS directly in suitable solvents. There exist examples of
ligand-exchange with CZTS [107, 145], and it adds an extra step to the re-
action. Ligand-free CZTS nanoparticles have previously been synthesized via
the hydrothermal route. However, this synthesis approach is not suitable for
safe, large scale production, as the synthesis is carried out in a stainless steel
autoclave with an extremely high vapor pressure [30, 146]. Ligand-free CZTS
nanoparticles have also been synthesized in a scalable manner, but without any
significance whether the they are useful for a device-quality absorber layer [91].
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To synthesize ligand-free CZTS, you need a solvent with a high boiling point
as CZTS is formed around 220°C [108]. Some potential solvents are listed in
Table Inspiration for designing a new synthesis recipe was gathered from
the hydrothermal synthesis, where glycols are typically used. In addition, one
hot-injection synthesis recipe in the solvent TETA existed, but the resulting
particles were not thoroughly investigated and the TETA solvent is expensive
(374€ for 50 ml at Sigma Aldrich) [147]. Furthermore, TETA was used to
successfully synthesize Cu(In;_,Al,)Ses nanoparticles [148].

Hence, mixing TETA and DEG could be a good place to start, as the boiling
point of this mixture would likely be above 220°C. Chloride salts can be dis-
solved in ethylene glycol, but sulfur cannot, so we prepared the reaction flask
with the cation chloride salts in DEG, and injected a S-TETA /DEG solution.
The following section will present some of the work done leading up to the
results in Paper II.

Table 2.3: Solvents considered for synthesis/dispersion of ligand-free nanopar-
ticles [149] 150]. "DMSO" denotes dimethyl sulfoxide.

Solvent Boiling point (°C) Polarity
8 Toluene 111 0.099
) Anisole 154 0.198
£ Hexane 68 0.009
z Oleylamine 348-350

Ethanol 78 0.654
. Water 100 1
E DMSO 189 0.444
& Ethylene glycol (EG) 197 0.790

DEG 245 0.713

TETA 266-267

2.3.4.1 COMPOSITIONAL TUNING

Changing the type and amount of the metal salts used allowed us to tune the
elemental composition. The influence of metal salt type and concentration on
composition is showed in Table 2:4] Samples P7 and P8 both have satisfactory
compositions. The composition cannot always be predicted based on the initial
salt concentrations, but in certain cases the colloidal system behaves as expected.
For example, by increasing the amount of Zn-salt from synthesis P3 to P4, an
increase in Zn-amount in the synthesized product is seen. The final synthesis
recipe, P8, was used for the annealing studies in Paper IV. Note that the
molar concentration of the initial Zn-salt exceeds that of the Cu-salt, and the
synthesized product still ends up with more Cu than Zn. This can be explained
by different reactivities of the salts, where chlorides in principle should be more
reactive than acetates.
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The yield of synthesis P7 was calculated to 80 mg, when assuming that all Cu
(which is the limiting constituent) is used for the reaction. The powder was dried
in air for one day, and the mass of the dried powder was 150 mg. The difference
is due to residual solvent molecules. If all powder including the residual solvents
was used for deposition of 1 pm thin film, it would result in an area of 0.36 m?.

The reproducibility of the synthesis was determined by repeating the same syn-
thesis five times, and another one four times. This resulted in elemental ratio
variations listed in Table 2.5] Here, quite large standard deviations occur for
the synthesis repeated five times, and this measurement batch also contained
one outlier. The errors stem from EDX measurement uncertainty, weighing of
chemicals (especially tin chloride but also copper chloride salt tend to absorb
water), and temperature control. The relative standard deviation (RSD) is also
associated with the repeatability, and the RSD of the two syntheses are listed
in Table If RSD<20% the measurement is said to be in good agreement,
which in this case they are.

Table 2.4: Effect of varying metal salt on elemental composition. The com-
position is presented as if the synthesized phase is CZTS, but in
fact it could be a combination of binary and ternary phases as well.
Most of these syntheses and corresponding data was carried out
and collected by Naghmeh Mirbagheri.

Sample Cu-salt Zn-salt (mmol) Sn-salt (mmol) Composition

(mmol)

CuCls- ZnCla Zn(OAc)2  SnCly- SnCls-

2H20 5H20 2H20
P1 0.5 0.32 0.25 Cuz.5Zng.2SnS3 o
P2 0.5 0.32 0.2 Cug2.87Zngp.3SnS3.o
P3 0.5 0.4 0.25 Cuo.7Zng ¢SnS3.9
P4 0.5 0.6 0.25 Cug2.1ZnSnSs 9
P5 0.4 0.6 0.2 Cuo.37Zn1.4SnS4.1
P6 0.4 0.45 0.2 Cug2.3Zn1.35nS54 1
P7 0.35 0.5 0.23 Cui.9Zn1.3SnS3.6
P8 0.35 0.55 0.23 Cuy.9Zn71.2SnS4.3

Table 2.5: Reproducibility of synthesis. The elemental ratios are average of
x measurements, and the standard deviations are calculated as the
standard deviations of the averages.

Repetitions z Cu (at.%) Zn (at.%) Sn (at.%) S (at.%)

5 23.95 £ 1.25 14.08 + 2.18 14.47 + 3.36 47.50 £ 2.03
4 24.51 £ 0.59 14.88 + 1.55 13.33 + 0.82 47.26+ 0.70
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Table 2.6: RSD of two syntheses repeated 4 and 5 times. If the RSD is less
than 20%, the measurement is said to be reproducible. The RSD are
calculated like the standard deviation for the measurement divided
by the total mean (Table .

Synthesis 1 Synthesis 2
Synthesis ~ Cu (%) Zn (%) Sn(%) S(%) Cu(%) Zn(%) Sn(%) S (%)

number

1 5.6 7.7 4.4 3.9 4.5 4.5 6.9 3.1
2 3.1 3.5 3.7 1.7 4.1 3.9 10.3 2.6
3 0.6 2.8 2.8 1.6 3.1 12.4 10.4 3.3
4 1.4 2.7 3.7 0.5 1.5 3.0 17.0 5.0
5 4.1 17.9 8.3 4.2

2.3.4.2 CRYSTAL PHASE DETERMINATION

We determined the crystal phase of the material in two ways: X-ray diffraction
and electron diffraction. One main difference between these techniques is the
sample volume, where XRD can probe samples of several millimeter in diameter,
while for TEM diffraction a single nanoparticle is investigated. The XRD pat-
terns of sample P2-P8 are displayed in Fig. where P5, P6, and P8 appear
to be phase-pure (and possibly P4). Many different peaks are seen for sam-
ple P2, and in addition to CZTS the suggested phases include SnS, CuzSnSs g,
CuySnSy, and ZnS. One of the samples with the best composition according
to EDX (sample P7) contained a SnS, secondary phase, and Sn-S phases were
quite often observed in near-optimal composition samples.

Sample P6 was chosen for further investigation (i.e. sample E in Paper IT), and
its selected area diffraction (SAD) pattern is showed in Fig. 3.e in Paper II. The
d-spacings could be measured from the SAD pattern, and the results are listed
in Table as Measured. The d-spacings were also determined by extracting
the numbers from a radial intensity plot (Eztracted from software). To assign
Miller indices, the d-spacings were calculated for the planes in the CZTS crystal.
For tetragonal crystal structures,

1 h?2+ k2 12
where h, k, and [ signifies the Miller indices. Given the lattice constants
in Table the resulting d-spacings and lattice planes found can be seen in
Table as Calculated. These data are consistent with the obtained XRD
pattern of this sample and the CZTS phase.
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Figure 2.14: XRD patterns of selected nanoparticles. All samples display the typical
CZTS peaks, but in sample P2 and P3 many other peaks are detected.
XRD measurements taken together with Naghmeh Mirbagheri.

2.3.4.3 SECONDARY PHASE DETERMINATION

Fig. shows the Raman spectra of sample P2-P8. Sample P2 displays a Ra-
man shift of 314 cm™! and a broader peak at 337 cm~'. The peak at 314 cm ™!
could be either a Cu-Sn-S compound or the SnSy phase (refer Table , and
the broad peak could be CZTS. The remaining samples all have the main CZTS
peaks, but shifted between 331 and 337 cm ™!, which indicates the existence of
Cu—Zn disorder within the CZTS lattice of the peaks shifted from 337 cm™!
[I51]. Samples P3, P7, and P8 furthermore show the presence of SnS. In accor-
dance with the best XRD pattern and elemental composition, Cu-rich sample
P6 have the sharpest Raman peaks.

When observed in a scanning electron microscope (SEM) for EDX, some of the
samples showed plate-like features (Fig.[2.15[b)) that after further characteriza-
tion were found to be Sn-rich. Accordingly, SnS typically grows in this manner
[127]. For sample P8, SnS appeared on both the Raman spectrum and could be
detected with EDX, but was not detected on the corresponding XRD pattern,
which could be because SnS is located only on the surface.
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Table 2.7: d-spacings and Miller indices extracted from the SAD pattern of
sample P6, and calculated for the kesterite.

Miller indices d-spacings (A)

Calculated Measured Extracted from software
(112) 3.136 3.1293 3.1361
(220) 1.921 1.9131 1.9229
(312) 1.638 1.6302 1.6355
(224) 1.568 1.5568 1.5845
(008) 1.357 1.3568
(332) 1.247 1.2385 1.2457
Orthorhomb. Cu,SnS,
/Vsns CZ‘(;S%; Sns,
161 189 218 287 314331-337
3
&
>
K7
c
9
£
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Raman shift (cm™)
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Figure 2.15: (a) Raman spectra of selected nanoparticles with potential secondary phases.
Raman measurements taken by Andrea Crovetto and Stela Canulescu. (b)
SnS flakes in the as-synthesized P8 nanoparticles, but seen for several sam-
ples.

2.3.4.4 SI1ZE DISTRIBUTION OF NANOPARTICLES

The size distribution is a useful characteristic of the synthesis product. It is rel-
evant for coating techniques such as spray-coating, where the nozzle size should
be determined from the particle size. With this in mind, the size distribution
of the P6 nanoparticles was determined by measuring the diameter of 287 par-
ticles. This was done by manually outlining the particle perimeters in Image J,
and by assuming a spherical shape to calculate the diameter. Typical particles
used for determining the sizes are indicated in Fig. The measurements
were challenged by particles aggregate so the particle perimeter was not always
clearly defined. We therefore compiled a list of considerations on how to obtain
a representative size distribution, which can be seen in Appendix [B]

The synthesized nanoparticles are irregular and have faceted morphologies. The
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Figure 2.16: Example of how the areas of the nanoparticles were determined in Tmage J.

diameter of the synthesized nanoparticles was found to be within the range of
2.5-81.5 nm with an average particle size of 23 nm and a standard deviation of
11 nm, which is among the largest CZTS nanoparticles synthesized in an organic
polar solvent [91], 93], 96l 07, [30]. The particle size distribution was constructed
with an optimum bin size calculated according to the work reported by Diaconis
et al. [I52]. The error on the average particle size was estimated to be 13% by
considering 10% TEM magnification calibration error and the error that arose
from the manual determination of the particle sized™}

2.3.4.5 EFFECT OF SYNTHESIS TIME

To investigate the effect of synthesis time, two syntheses were carried out and
particles were extracted after 2 min, 5 min, 10 min, 20 min, 40 min, 80 min,
and 120 min. The XRD patterns are displayed in Fig. [2.17] Of the examined
samples, sample P4 in (a) appears phase-pure CZTS, while sample P7 in (b)
displays a SnSy secondary phase. Already after 2 min, the CZTS phase is
detected. From this point, the peaks sharpen. The crystallite size, which was

10The error on the manual determination of particle sizes was determined by two people
measuring the same 15 particles, and comparing the results.
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Figure 2.17: XRD patterns as a function of reaction time, for samples similar to (a)
P4 and (b) P7. All samples display the typical CZTS peaks, but a SnSp
phase could also be detected in (b). Synthesis and XRD measurements by
Naghmeh Mirbagheri.

calculated with the Scherrer equation and the FWHM of the main kesterite (112)
Bragg reflection, is plotted in Fig. 2.18] The particles appear to grow within
the first 10 min of reaction, whereafter the growth saturates around 25 nm,
which is close to the 23 nm determined from TEM characterization. This is a
good demonstration of that under normal synthesis conditions, the particle size
saturates, and perhaps a shorter synthesis time would be suﬂicienﬂ
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Figure 2.18: Crystallite size as determined from the Scherrer equation as a function of
synthesis time for sample P7.

2.3.4.6 OUTCOME

The novel nanoparticle recipe developed here results in cheap, reasonably repro-
ducible nanoparticles with a desired composition and phase. The average size
was determined to be 23 nm from TEM characterization and a similar result

11T did not change the synthesis time accordingly, since all characterization was done for the
nanoparticles synthesized for 2 h.
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was found from the Scherrer equation of the XRD peaks. There is still some
difficulties in controlling the formation of a Sn-S phase in the synthesized ma-
terial, and it is only seen for some syntheses. Limiting the Sn-amount could
potentially help. Besides, Sn-S is prone to evaporate during annealing, so hav-
ing more Sn is not necessarily detrimental. Therefore, the synthesized product
was acceptable, and other parts of the solution-processing route to fabricating
thin-film solar cells were investigated.

2.3.5 NANOPARTICLE SURFACE COATING

The presence or absence of hydrocarbon ligands on the surface of the nanopar-
ticles was investigated with FTIR. The ligand-coated nanoparticle sample in
Fig. (a) shows a strong signal in the range of 2800-3000 cm ™!, which cor-
responds to the C-H vibrational frequency of oleylamine [131] [153]. The peaks
at 1625 cm™!, 1465 cm ', and 1375 cm~! could also be matched with oley-
lamine. The broad band at 3000-3700 cm~! is attributed to O-H stretching
of water molecules in the solvent, but could also stem from N-H stretching. In
comparison, the ligand-free nanoparticle samples (zoom-in in Fig.[2.19(b)) show
no strong signal for C-H stretching, and confirm their ligand-free nature. To be
more specific about the term "ligand-free", I would like to point out that we
actually mean "hydrocarbon ligand-free". Both water and amines could be re-
garded as ligands, and could potentially occupy the surface of the nanoparticles.
The broad band at 30003700 cm~! is also present in this sample, and it can be
attributed to O—H stretching of ethanol or water residues. However, this zone
overlaps with N-H stretching (3200-3500 ¢cm~!), and we cannot eliminate the
possibility that we have amine functional groups from TETA surrounding the
nanoparticles. The remaining peaks are also close to peaks observed for FTIR
spectra of ethanol, TETA and DEG [153].

The amount of washing the ligand-free nanoparticles influenced the FTIR spec-
tra. For example, more intense peaks were seen when washed only twice, com-
pared to three times (Fig. 2.19(b)). It is hard to give a number on the optimal
number of washes. On one hand, it is good to have as little contaminants on
the surface of the particle as possible, but on the other hand, this makes it
more difficult to disperse the particles in a solvent. Depending on for what the
particles should be used, different treatments should be considered.
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Figure 2.19: FTIR spectra of (a) ligand-coated and ligand-free sample, and (b) the effect
of washing the ligand-free nanoparticles (sample P7). FTIR measurements
acquired with assistance from Jean-Claude Grivel.

2.4 OUTLOOK

In this chapter, several different recipes and methods to synthesize CZTS(Se)
nanoparticles, each with a different objective, have been presented. To start
with, the one-pot method was attempted, but due to lack of reproducibility
and ergo lack of control, no significant improvements could be achieved. These
nanoparticles were nonetheless used for thermal analysis, thin-film coating and
sulfurization experiments, for samples where the composition was satisfactory.
Improvements to the temperature control could be done either by using a heating
mantle with included temperature-control, or by making a compartment such
that the thermocouple can be placed in the same position every time.

The work on synthesis of CZTSe nanoparticles through a two-step hot-injection
method provided some insight into an alternative way to get large particles and
a wide size distribution, with a relatively good control over the composition.
However, as we would like to avoid Se in the solar cells, this material was not
used to make any devices.

As the aim of the project was to fabricate thin films by spray-coating, we wanted
to have nanoparticles dispersed in a water/ethanol-solution. In addition, this
would limit the organic material residue in the films. This was achieved by
choosing suitable salts and solvents. The composition could be tuned to the
optimal range, but the corresponding XRD patterns and Raman spectra of
these samples showed some Sn-S secondary phases. However, the elemental
composition and phases can change during annealing, so the material presented
here was used for further analysis.
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Finally, we confirmed the hydrocarbon ligand-coated and ligand-free nature of
the particles synthesized by the one-pot method and the ligand-free synthesis,
respectively.

Looking back, improvements to the setup would have made the experimental
work more efficient. Higher through-put screening of synthesis conditions could
be obtained by setting up several reaction flasks to run simultaneous reactions.
This requires more heating mantles and glassware, but would also allow inves-
tigation of more of the parameters.



CHAPTER 3

THERMAL ANALYSIS OF
CU9ZNSNS4s NANOPARTICLES
AND INKS

This chapter contains thermal characterizations of nanoparticle inks and pow-
ders that aid in the understanding of what goes on during annealing. Thermal
analysis describes how properties of materials change with temperature, and
here we monitor the mass, heat flow, and crystallinity in different atmospheres.
As an additional characterization tool, mass spectrometry is used for detection
of volatile species leaving the sample.

3.1 INTRODUCTION

Once the nanoparticle or precursor ink has been formed, it should be deposited
as a thin film. This is normally done by multilayer depositions, with separate
pre-annealing steps in between. The goal of the pre-annealing step is to remove
residual solvent and capping ligands. The following techniques were chosen for
the investigation:

o Thermogravimetric analysis (TGA) provides a correlation between
temperature and mass, and thus gives a temperature of when the sol-
vent /ligands decompose.

e Differential thermal analysis (DTA) can reveal whether the thermal
events were exothermic or endothermic, i.e. whether sintering/crystallization
or thermal decomposition occurg'}

e Mass spectrometry (MS) provides information on which gases decom-
poses at which temperature, and perhaps also on how they decompose.

IThe sintering signal from the DTA measurement would be very hard to detect, as it is a
slow process that does not use large amounts of energy.
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e In-situ annealing in XRD can reveal whether the crystal phase changes,
whether any secondary phases are formed and at what temperature, and
furthermore if grain growth occurs.

One important parameter is believed to be the annealing atmosphere, and all
TGA-MS characterizations were carried out in three different atmospheres: ox-
idizing (air), inert (N3), and reducing (forming gas, i.e., 4.5% Hy in Ar). Both
ligand-free and ligand-coated nanoparticles were studied, as well as both inks
and powders.

3.2 EXPERIMENTAL DETAILS

3.2.1 THERMOGRAVIMETRIC AND DIFFERENTIAL THERMAL ANALYSIS

TGA and DTA were carried out on a Netzsch STA 409CD. A corundum (Al;O3)
crucible was used with a pierced lid for liquid samples, and without a lid for
powder samples. The flow rate was set to 100 ml/min. The temperature profile
was chosen to resemble a typical annealing done in practice, with a heating rate
of 12 K/min up to 550°C, followed by an isothermal step at this temperature
for 1 h. Considerations on choosing the right experimental conditions for a
measurement are described in Appendix [C] together with a check-up on the
temperature accuracy and calibration of the heat flow. The data was analyzed
with the Proteus61 software.

3.2.2 MASS SPECTROMETRY

Mass spectrometry was carried out with a Netzsch QMS 403 C Aéolos. It can
measure a mass range from 1 to 300 amu (resolution >0.5 amu), with electron
impact ionization of 70 eV, detector type Channeltron SEM with detection limit
of >1 ppm, and a scan rate of 2 s/amu. The temperature of the entire gas
transfer system was heated to its maximum, 300°C, before the start of the
measurement.

3.2.3 IN-SITU X-RAY DIFFRACTION

The crystallinity of the nanoparticle powders as a function of temperature in
air and nitrogen was determined with XRD from Bruker D8 Advance, with
a 0/20 scan speed of 0.01°/min in between 20-80°, and Cu K,- radiation
(A=0.15418 nm). The temperature profile chosen was with a heating rate of
5°C/s, and with a 300 s delay time at every reached new temperature. A mea-
surement was carried out every 50°C from 50°C to 550°C, whereafter it was
cooled to 30°C. The total scan time at each temperature was 56 min. The
peaks are not corrected for K, splitting at this stage.
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3.3 RESULTS AND DISCUSSION

The main results from the thermal analysis of the nanoparticle inks and powders
can be seen in Paper ITI. A summary of the these findings as well as relevant
non-published data will be presented in this section.

3.3.1 SUMMARY OF FINDINGS IN PAPER

In the paper you will find a comparative study of the thermogravimetric be-
havior or nanoparticles with and without hydrocarbon ligands. We find that
the mass of a ligand-free nanoparticle powder decreases continuously from room
temperature to about 500°C in inert and reducing atmosphere. In the isother-
mal step, the mass continues to decrease at a lower rate, and slightly more
in reducing atmosphere indicating its slight superiority as a more reactive gas.
The mass loss of about 10% of the initial mass is linked to evaporation of resid-
ual solvent molecules in the dry power. According to the yield calculations
in Section the CZTS mass should be approximately 80 mg, while the
weighted mass was 150 mg. In this respect, a 10% mass loss only lowers the
mass to 135 mg, and thus some residual organics should still remain.

For a ligand-coated nanoparticle powder we see a total mass loss of about 20% in
inert and reducing atmosphere, which begins at 250°C. From this temperature
two main mass loss steps are seen, one with an onset at 350°C and one at 425°C.
This is owing to the thermal decomposition of the oleylamine ligands and other
residual organic species. Oleylamine has a boiling point of 364°C, but as it
is bound to the nanoparticles, more energy is required for its decomposition.
Since the transfer line was 300°C, whole oleylamine molecules would be difficult
to detect. As for the ligand-free nanoparticle powder, the decomposition in
reducing atmosphere occurs at a higher rate than in inert atmosphere.

With a mass spectrometer, water, organic fragments, alcohol and amine func-
tional groups were detected. This was expected, apart from the amine in the
ligand-free nanoparticle powder. The FTIR spectrum did not show any signs
of this, but an amine is used in the synthesis and could very well partly func-
tionalize the surface. In addition, sulfur dioxide and carbon dioxide were found.
The signal from sulfur dioxide was particularly present for the ligand-free ink
at a higher temperature. It is slightly worrying for the correctness of the in-
terpretation that the oxides are seen, because it could mean that the partial
pressure of oxygen in the chamber is not sufficiently low. On the other hand,
the oxygen could also come from the solvents or an oxide on the surface of the
nanoparticles, and it was seen in a similar study [154].

Finally, Paper III shows SEM images of the powder that remains after analysis.
These were interesting as they resemble typical thin films after annealing in
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Chapter [5] in terms of grain growth formation and porosity. In short, for the
ligand-coated nanoparticle powders, grains grow on the surface of the films,
which means that the ligand decomposition occurs mainly at the surface. For the
ligand-free nanoparticle powders, large grains are forrnedEl When ink samples
were imaged, a high degree of porosity was seen as a characteristic consequence
of solvent evaporation.
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Figure 3.1: TGA curves for ligand-free (a) and ligand-coated (b) nanoparticle inks in
different atmosphere. The temperature increases with 12 K/min until 560°C,
where the temperature is kept for 1 h. The different base-levels stem from
slight variations in concentration of the particles in the inks.

3.3.2 THERMOGRAVIMETRIC AND DIFFERENTIAL THERMAL ANALYSIS

To gain more insight into how the solvents evaporate, inks consisting of roughly
10% nanoparticles were characterized. The ligand-free nanoparticle inks in
Fig. a) only show one sharp mass loss stage between room temperature
and approximately 96°C, with an onset between 63-69°C. The solvent consisted
of 10% ethanol and 90% water, with boiling points of 78°C and 100°C, respec-
tively. The onset of solvent removal for the ligand-free nanoparticle ink in inert
atmosphere is later than in oxidizing and reducing atmosphere, but this could
be due to higher mass of the sample in inert atmosphereEI Once the ink samples
have reached the isothermal step, no significant mass change can be detected,

2The large grains were also seen for some ligand-free nanoparticle thin films that will be
showed in Chapter [] but only when sodium was added. The result here is therefore
slightly questionable since no further characterization was done on the sample, but it is
possible that the annealing conditions in the TGA could result in CZTS grains.

3The samples masses used were: mgq;,-—13.02 mg, mpy,=28.62 mg, and mpg,=16.16 mg. The
sample mass should be similar when comparing two experiments, as a low mass will have a
higher resolution for TGA but lower DTA signal than a high mass. For high mass samples,
the heat distribution takes time, and this will smear out the kinetics, and thus give lower
resolution, but the signal will increase and provide a better signal-to-noise ratio.
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except for the sample in oxidizing atmosphere that experience a 10% gain in
mass.

Similarly, TGA was carried out on inks consisting of the ligand-coated nanopar-
ticles in oleylamine (Fig. [3.Ib)). The decomposition occurs in three steps.
Initial solvent decomposition takes place with the highest rate in air up till
250°C. At 250°C the mass loss in inert and reducing atmosphere appears very
similar, while above 350°C, the rate of decomposition in reducing atmosphere
exceeds that in inert atmosphere. From this we can see that initial annealing
in oxidizing atmosphere, followed by a high-temperature annealing in reducing
atmosphere would be most effective in removing the organics/leftover solvent
for a ligand-coated nanoparticle ink.

The DTA curves did not reveal a crystallization signal, and are showed in Ap-
pendix [C]
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Figure 3.2: Ligand-coated (a) and ligand-free (b) nanoparticle inks with MS detected
signals. Each species is placed at the mass loss step where the MS signal is
highest. For the ligand-free ink, SO2 is detected around 450°C.

3.3.3 MASS SPECTROMETRY

Thermal decomposition is an endothermic chemical process, where energy in
the form of heat is used to break up chemical bonds. Normally, the precise
reaction pathway for such reactions is unknown, since a molecule may break
up into a variety of smaller fragments [I55]. We have tried to identify which
molecules are released from the nanoparticles during annealing, to get an idea
how this thermal decomposition and also evaporation would proceed. Fig. [3.2]
shows the TGA curves for the inks in inert atmosphere, and the species detected
with MS are placed on its primary corresponding mass loss step, for a simplified
view. As expected, ethanol and water are detected in the first mass loss step
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for the ligand-coated nanoparticle ink, while the amine group is seen at 350°C
(corresponding to the boiling point of oleylamine). At 450°C organic fragments
are released. For the ligand-free nanoparticle powder, all species are detected
at around 100°C, except from sulfur dioxide which peaks around 500°C. The
intensity of all these species as a function of temperature can be seen in Fig. 4
in Paper III.

3.3.4 IN-SITU X-RAY DIFFRACTION

The final thermal analysis technique used was in-situ XRD as a function of
temperature. The XRD patterns for annealing in air are displayed in Fig. a).
The peaks shift to lower angles as the temperature is increased, as a result of
thermal expansion in the lattice. An overview of the 20 peaks can be seen in
Fig.[3.3(b), where the main CZTS (112) peak disappears after 350°C, but starts
to degrade already at 50°C. The final XRD pattern is plotted in Fig. a),
i.e. when the material is cooled back to 30°C. Before annealing (Fig. a))
the peaks match pure-phase kesterite CZTS. After air-annealing, the kesterite
CZTS phase is non-existing, and instead many oxide secondary phases appear
(Fig. [3.4[(a)). The phases indicated are just a few of the possible oxide phases
that could exist. Interestingly, when the same measurement was carried out in
nitrogen atmosphere, a similar result was obtained (Fig. [B.4(b)), but for this
experiment the kesterite CZTS phase disappears after 400°C.

This emphasizes the importance of a very tightly closed annealing chamber, and
raises the question whether the STG 409CD instrument has the required low
amounts of oxygen to avoid seeing the material degrade. An easy way to test
this, would be to characterize the final material by XRD or EDX, but more
material has to be measuredlﬂ Based on eye-inspection, no colour-change was
seen for the samples after TGA in inert and reducing atmosphere, while the
samples in air turned white.

3.4 OUTLOOK

The aim of this thermal analysis was to determine the effect of the annealing
atmosphere. Unfortunately, no variation was seen for inert and reducing at-
mosphere, apart from that the mass loss was somewhat more pronounced in
reducing atmosphere, as was also expected. When annealed in air, CZTS starts
to decompose already at 50°C, and the rate of oxidation will of course depend
on the time the material experiences an elevated temperature as seen from the
in-situ XRD measurement. The mass spectrometry analysis is tedious but it
showed how the ligands decompose in the sample. The outcome of this study
are certain temperatures, which can be used for pre-annealing the films. For

4Unfortunately, the relevant equipment was not available in the months after the analysis.
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the ligand-free particles, a temperature above 100°C should be applied. For the
ligand-coated particles, part of the ligands would be removed at 200°C, 350°C,
and 425°C. Decomposition will occur if the sample is left at these temperatures
for longer times. A temperature of 200°C was chosen as the pre-annealing tem-
perature, due to the risk of oxidation and temperature limit of the hotplates
used.

The DTA measurements could be repeated with a larger sample mass, as this
could enhance a potential crystallization signal. Furthermore, in Chapter [5] we
found that adding Na increases grain growth, which could also be attempted
here at different temperatures.

If T were to repeat this analysis today, I would use larger sample masses which
would allow easier characterization of the remaining product.
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Figure 3.3: In-situ XRD patterns in air as a function of temperature (a), where the diffrac-

togram at the bottom is the Pt substrate. An overview of the 20 peaks (b)
shows that the decomposition temperature in air is 350°C, but this plot also
reveals that the peak intensities decrease already from annealing at 50°C.
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Figure 3.4: Remaining material after in-situ XRD, in (a) air, and (b) nitrogen. Potential

oxides formed are marked, but several other phases could also be present. The
ICSD coll. codes of CuO is 16025 and SnOg is 9163.






CHAPTER 4

THIN-FILM DEPOSITION

This chapter briefly presents the deposition techniques used to form thin films
with a thickness of about 1 um by solution-processing. An overview of the tech-
niques is given, followed by a description of the experimental setups, and general
results and observations. Finally, ideas on how to improve the reproducibility
of these coating methods will be given.

4.1 INTRODUCTION

Thin-film deposition can be categorized either as coating or printing; printing
implies a method where a layer of ink is transferred from a stamp to a sub-
strate, and coating describes the process of casting the ink onto a substrate.
In other words, printing is distinguished because it can be used to make com-
plex patterns according to the definition by Krebs [8T]. For lab scale research,
techniques such as spin-coating, doctor bladingﬂ and drop-casting are suit-
able, while for mass production gravure coating, knife-over-edge coating, spray-
coating and printing (ink-jet printing, and screen printing) are more desirable
for high-volume production [81]. For CZTS, films have been deposited by spin-
coating [29, 3] 97, [146], spray-coating [26], [156], doctor blading [28], dip-coating
[I57], roll-to-roll (R2R) printing [30], and ink-jet printing [156].

4.2 EXPERIMENTAL DETAILS

Dried nanoparticle powders were dispersed in suitable solvents to formulate
the inks, followed by deposition. The solvents used for deposition were pur-
chased and used without further purification. They include: 1-octanethiol
(CH3(CH3)7SH, > 98.5%) from Sigma Aldrich, toluene and isopropanol (99.8%)
from Merck Millipore, and ethanol (96%) from VWR Chemicals.

Doctor blading is R2R compatible as the up-scalable knife-coating.
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4.2.1 SUBSTRATE PREPARATION

A clean substrate surface is essential for solar cell fabrication. Contamination
could originate from fingerprints, dust particles, oils from substrate fabrication,
hairs, and paper fibers from packaging or cleaning, and would result in poor
film adhesion, crack/pore formation, and thus electronic defects in the film.
Coating the surface or in other ways treating it chemically can also enhance
film adhesion, but this could also affect the electronic properties in unknown
ways [83].

In this work, substrates used for deposition were sonicated in a solution of 50%
ethanol and 50% DI water for 10 min. Afterwards, the substrates were taken
out of the mixture and rinsed with ethanol. The substrates were then blow-
dried with a flow of nitrogen. Mo-coated soda-lime glass (SLG) was used as the
substrate, which also introduced good spreading of the inks.
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Figure 4.1: Schematical overview of deposition techniques. The thin films will consist
of more than a monolayer of nanoparticles, but illustrated here as such for
simplicity. For drop-casting, a flow of nitrogen expedites drying and results
in a more uniform layer.

4.2.2 THIN-FILM DEPOSITION

In this work, three different methods were used for deposition: spray-coating,
doctor blading, and drop-casting. The principles of all methods are illustrated
in Fig. By spray-coating an ink is forced through a nozzle to form a
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fine aerosol, and a carrier gas directs the aerosol to the substrate. The aerosol
will dry upon impact with the substrate [81] [158]. For spray-coating we have
used ligand-free nanoparticles, as these could be dispersed in water and ethanol.
Doctor blading is a type of knife-coating technique, where a solution is spread
across a substrate with a rod or a knife, and in the present work it was used
for the ligand-coated nanoparticles. The third method, drop-casting, relies on
the solvent to evaporate such that a thin film is formed, and could be done on
either type of nanoparticles, but was mostly used for the ligand-free ones.

The structural evolution of the film is believed to depend on few solvent prop-
erties. One is the ink quality, which determines how well the nanoparticles are
dispersed in the solvent. When the ink quality is not optimal, the film will be-
come non-uniform and thickness variations will occur. Another factor affecting
film formation is the vapor pressure of the solvent. Short-chained alcohols with
high vapor pressure are commonly used to deposit films of thickness of the order
of tens of nanometers, and low volatility solvents are used to fabricate layers of
tens of micrometers. The viscosity of the solution is also an important property
affecting film thickness and cracking tendency. Tensile stress is generated within
the film during drying as the solvent is removed, which will lead to cracking.
As the film gets thicker, the tensile stress increases. This can be avoided by
depositing multiple layers, and also by using lower vapor pressure solvents [83].

Heat treatments are typically applied after deposition, both to remove residual
solvent molecules and to enforce crystallization and densification in the film. We
saw in Chapter [3]at which temperatures residual organic species from the solvent
and surfactants were removed. This chapter will cover this pre-annealing step,
as it is used between the depositions for multiple layers, but the sulfurization is
covered in depth in Chapter

Figure 4.2: Doctor blading setup, where a glass substrate is taped to a hotplate with
thermal tape. The glass rod is used to spread the ink on the substrate.

4.2.2.1 DOCTOR BLADING

Doctor blading was carried out on a hotplate with a glass rod (Fig. [4.2). High
temperature tape (from Tesa, which can resist 350°C for 10 h, and of a thickness
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of 60 um) was used to keep the sample in place, and functioned as a spacer
between the rod and the substrate.

Inks were formulated from mixtures of toluene and octanethiol. How many
washing cycles the nanoparticles had gone through would influence how much
of each solvent was required to disperse the nanoparticles. For example, when
the particles are washed, it would be more likely that some oleylamine ligands
are removed, and it would be harder to disperse the particles. In this case,
adding slightly more octanethiol would aid the dispersion, and as would longer
sonication time.

For a typical ink, 20 drops of a solution of 1:2 octanethiol:toluene were added to
a powder that had been washed three times. The mass of the nanoparticles was
200 mg. The ink was sonicated for 30 min. Before deposition, all equipment
was cleaned thoroughly in isopropanol. One drop of the nanoparticle ink was
placed on a substrate of 1 cmx2 cm, and firmly spread with the glass rod.
The sample was heated to 200°C in 40 min, and left at this temperature for
20 min, whereafter the sample was removed from the hotplate and cooled to
room temperature. The coating and drying were repeated for a total of three
layers.

Precursors

50%/50% Nanoparticles

(c¢) As-deposited samples

Figure 4.3: Spray gun (image from [159]) (a), spray-coating stage (b) where Al-strips are
used to secure the samples on the hotplate while spraying, and (c) images of
as-deposited samples.

4.2.2.2 SPRAY-COATING

Spray-coating was performed with an airbrush from Paasche (Model VL Dou-
ble Action) that was connected to a nitrogen flow (Fig. [.3(a)). The nozzle
with the smallest needle (VLM-1, corresponding to spray patterns of down to
0.4 mm) was used, and it was positioned such that the smallest possible vol-
ume was ejected. The hotplate used for deposition (Fig. b)), was a hotplate
(from Heidolph, type MR 2002) with an Al-plate attached for uniform heat dis-
tribution. Thin Al-strips covered in Al-foil were used to clamp the substrates
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in place during coating. The temperature on the hotplate was measured with
a K-type thermocouple (same as for synthesis temperature control), which was
placed next to the substrates under the thin Al-plates, but the temperature was
hard to control, because the temperature was lowered during spraying.

Typical inks were formulated from mixtures of 10% ethanol and 90% water.
The ligand-free nanoparticle concentration was 20 mg/ml, and the mixture was
sonicated for 2 h in an ice bath. For a typical deposition, a spray pressure of
3 mbar N, was used. The substrates were attached on a hotplate, and heated to
a temperature of 130°C (set point temperature of 160°C) before deposition was
initialized. Spray-coating was carried out with a linear movement (right/left)
over the samples for 5 s, and left to dry for 25 s. The total deposition time lasted
25 min. For the first 15 min, deposition was done with 10 cm distance to the
substrate, after which the deposition rate was increased by lowering the distance
to about 5 cm. Some parameters were hard to control with this hand-held spray
gun, especially the spraying distance, angle and movementﬂ

4.2.2.3 DROP-CASTING

Drop-casting was carried out by placing a drop of ink on a substrate with a
pipette, and when necessary blow-drying the film with a flow of nitrogen. This
technique was used for preparing samples for characterization and for optimizing
the sulfurization procedure.

Inks were formulated by adding 5 ml toluene or ethanol to approx. 200 mg
of ligand-coated or ligand-free nanoparticles, respectively, and sonicating for
30 min. Films were formed by dropping one drop on a 1 cmx1 cm substrate.
The ligand-coated nanoparticle samples were left to dry for 30 min, while the
ligand-free nanoparticle samples were blow-dried with a flow of nitrogen for
5 min to expedite the drying and create a more uniform layer. This process was
repeated three times, whereafter the samples were heated at 150°C for 20 min.

4.2.3 CHARACTERIZATION

After deposition, the samples were characterized with optical microscopy. In
some cases, micron-sized cracks and holes were discovered, and these films would
be discarded for solar cell fabrication. After annealing, the cross-section of the
films was imaged with SEM. In the below sections, a few initial examples are
showed to point out what can affect film formation.

2An extra challenge originated from the fact that the coating was carried out inside a fume
hood. The sash window should be kept down to minimize spreading of airborne particles
into the lab, and in the meantime the spray gun should be vertically positioned above the
samples at a typical distance of 5 to 15 cm.
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(a) Doctor bladed film (b) Spray-coated film

ek sl ssiu. Yo% Al

(¢) Drop-casted film

Figure 4.4: Thickness variations in doctor bladed, spray-coated, and drop-casted films.

4.3 RESULTS AND DISCUSSION

Thickness control and a uniform film formation without holes and large cracks
are important characteristics for a good quality deposition. All films deposited
were between 500 nm and 5 pm (up to 10 um for spray-coated films), and SEM
micrographs of typical annealed films are showed in Fig. For the spray-
coated film in Fig. b), micrometer-variation in the thickness can be seen,
which is a typical trait for this deposition method. While the thickness of the
drop-casted films also varied but to a smaller extent (not clear in image), doctor
blading was the easiest way to control the thickness.

(a) (b) (c)

Figure 4.5: Optical micrographs of doctor bladed films at 40 times magnification, where
(a) shows a crack-free surface, (b) cracks of less than 500 nm, and (¢) more
than 1 pm wide cracks.



4.3 RESULTS AND DISCUSSION 61

4.3.1 DOCTOR BLADING

Three optical micrographs of doctor bladed samples are displayed in Fig.
They exemplify a crack-free sample (a), a sample with minor crack (b), and
a sample with major cracks (c). The samples were prepared almost identically,
but with few variations. Samples (a) and (b) were prepared from the same
nanoparticles, but sample (a) was made first, followed by nanoparticle washing
by centrifugation and re-dispersion to form the ink for sample (b). Sample (c)
was made with a different batch of nanoparticles, and only 3/4 of the solvent
volume was used compared to (a) and (b). Only a few studies were carried
out, and not enough to conclude anything definitive about crack formation in
these films; however one outcome is that the nanoparticles are sensitive to many
different parameters and their history of treatment. Therefore it was necessary
to monitor the formation of each individual film as a new one.

(a) (c)

Figure 4.6: Optical micrographs of spray-coated nanoparticle films under 100 times mag-
nification. (a) large islands and holes, (b) smaller holes, and (¢) no holes
detected with SEM. Unfortunately the scale bar cannot be determined.

4.3.2 SPRAY-COATING

The formation of pin holes is one of the main issues encountered for spray-coated
thin films. The particles tend to agglomerate instead of forming a smooth film.
Spraying slowly and allowing the film to dry at low temperatures should give the
particles less energy to move around and therefore a higher likelihood to form a
uniform film. However, the spray-coated films are typically rough, because large
droplets will dry on the substrate without first forming a coherent film [I58].

It is also important to start with a completely homogeneous, well-dispersed ink.
Fig. shows optical micrographs of three different spray-coated films, with
large holes in (a), smaller holes in (b), and no holes in (c¢). The difference in
preparation is that (a) did not have a completely well-dispersed ink initially,

3Small cracks can under properly working annealing conditions grow together to form a
uniform film, also seen by [160].
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and the substrate temperature was kept at 100°C throughout the reaction. The
temperature for samples (b) was increased from 130°C to 290°C, and for sam-
ple (c) from 130°C to 220°C. The total deposition times were 18 min, 45 min,
and 25 min, respectively. Moving the spray gun closer to the substrate greatly
increases the deposition rate. Sample thicknesses were: 0.3-1, 4-5, and 1-3 um,
respectively. The images are representative of the samples, but there were vari-
ations on each sample too.

A recent study by Martini et al. determined interesting fluid properties of
CZTS inks for spray-coating and ink-jet printing. They identify four musts
regarding ink formulation: (1) long-term nanoparticle stability in the ink to
avoid clogging, (2) appropriate fluid properties for formation of a stable drop-
generation, (3) good substrate wetting, and (4) suitable solvent evaporation rate
to avoid the formation of cracks and pin holes [I56]. The fluid properties that
are required for a given liquid to be printable can be characterized by some
physical constants, and a parameter, Zg,.qy is used here defined as

(’Yinkpanozzle)l/Q
n

(4.1)

Zspray =

where p the ink density, ano..ie the characteristic nozzle diameter, nink the
viscosity of the ink, and ~;,x the surface tension of the ink. A stable drop will
be formed when 10 > Zgprqy > 1 [161].

Martini et al. determine good substrate wetting behavior when the difference
between the surface tension of the substrate, ~s,p, and the surface tension of
the liquid, 714, was about 10 mJ/m?2. The surface tension of the Mo substrate
was measured to be 48 mJ/m?, which calls for a solvent with about 38 mJ/m?
[156]. These properties can be used to tune the nanoparticle ink to improve the
deposition.

4.3.3 DROP-CASTING

Drop-casting is an easy and fast method to make films with the ligand-free
nanoparticles. The thickness can be controlled between 1 to 5 pm, which is
enough for making samples for optimizing the sulfurization procedure. There
are still many holes in the film, and the samples are not suitable for making
solar cells.

4.4 QOUTLOOK

A presentation on the deposition techniques used has been given, with a de-
scription of the experimental setup, and the resulting film morphology. No
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reproducibility studies have been carried out, and in true each film was studied
as a novel one. Optical microscopy was a useful technique to determine whether
or not there are cracks and holes, but these features can exist even though they
are not observed here. For doctor bladed films, cracks could be observed in some
cases, while for spray-coated films pin holes were more common. Depositing a
thicker film by multi-layer deposition will limit these holes. Drop-casting is not
known to be a very reproducible technique, and thus not recommended to make
solar cells, but its ease of use and the rapid depositions made it useful for prepar-
ing samples to study the sulfurization conditions. In true, drop-casting can be
made more reproducible by drop-casting a measured amount with a pipette into
a frame clapsed on top of a substrate, as done by [162].

I believe that thin-film deposition is the main weakness of the present work done
on CZTS solar cells. Especially for the ligand-free nanoparticles, spin-coating
would make depositions more reproducible and faster than spray-coating, and
more uniform with a better control of pin holes compared to drop—castindﬂ The
addition of a small amount of binder might be helpful, but is perhaps not neces-
sary as it will also add additional organic species to the film. More meticulous
studies on the film thickness and surface roughness should also be carried out for
different ink formulations, and by varying spin-coating parameters (rotational
speed, time, and intermediate heating steps).

If spray-coating is a priority, an automated system will provide better control of
the deposition conditions. High-efficiency solution-processed chalcogenide pho-
tovoltaic devices have been fabricated in a nitrogen glove box by spray-coating
[35]. This group observed a huge increase in efficiency, when coating was per-
formed in inert atmosphere instead of under ambient conditions. A nitrogen
glove box would also allow easier control over the spraying distance. Further-
more, a better control can be achieved by connecting a thermocouple to LabView
and monitoring the temperature during deposition. Characterizing the fluid
properties of the ink used in terms of the Z,,,, parameter, suitable substrate
wetting and solvent evaporation rate would be useful and only a few measure-
ments required. Finally, finding a way to determine the long-term nanoparticle
stability in the ink would also be beneficial.

4DTU Fotonik has a spin-coater, but it has been and is still out of use due to renovations
(written September 22, 2016).






CHAPTER 5

SULFURIZATION OF
SOLUTION-PROCESSED
CU9ZNSNS, THIN FILMS

This chapter concerns sulfurization of CZTS nanoparticle and precursor thin
films. The objective is to achieve a dense absorber with micron-sized grains. We
found that the nanoparticle systems were very challenging to sinter, as a high
temperature was not sufficient to start the sintering process. We solved this by
eliminating the organic ligands that impeded the merging of the nanoparticles
and by including a liquid phase additive during annealing to enhance grain
growth.

5.1 INTRODUCTION

Micron-sized grains are desirable, because too many grain boundaries reduce
the charge transport since the boundaries act as recombination centers for elec-
trons and holes [163]. In addition, the best CZTS solar cells produced from
nanoparticles have micron-sized grains [31} 146]. One exception is the work by
Park et al. who fabricated a CZTS thin film from spin-coated precursors, and
when annealed at 540°C an efficiency of 5.02% is achieved versus 0.15% when
annealed at 570°C [34]. The grains are smaller for their best device, but this
could be a result of other factors because the absorber is also very porous.

In this section, a presentation of grain growth theory and well-known methods
that increases the rate of sintering will be given. Thereafter, the considera-
tions for annealing the CZTS compound are summarized, with an overview of
published CZTS nanoparticles solar cells. Finally, typical annealing studies on
solution-processed CZTS are presented.
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5.1.1 THEORY OF GRAIN GROWTH

The high melting point of CZTS of 990°C makes it impossible to deposit as a
liquid phase directly on the desired substrate. Instead, a particle or precursor ink
must be used for deposition, which is converted into a solid under a subsequent
heat treatment. The process of merging nanoparticles without melting into a
solid material is called sintering and/or coarsening, and is commonly used for
ceramics or metal particles. However, the principles apply to any crystalline or
amorphous material, and can also be used to explain our colloidal CZTS system

[162].

Sintering

—

Sintering
and coarsening

Figure 5.1: Simplified schematics of result of sintering and coarsening processes, where
the sintering process displayed also results in a higher density. Sintering takes
place when vacancies migrate out of the sample to decrease the surface area,
i.e. material diffuses to fill out a void thus decreasing the center-to-center
distance of particles and causing densification. Coarsening is a process sim-
ilar to Ostwald ripening, where smaller particle will dissolve and larger ones
grow (imagine that the displayed particles are not of exactly the same size).
Coarsening results in larger average grain size and also larger average pore
size.

Coarsening

Grain growth, just like nanoparticle growth, occurs when a system evolves to
minimize its surface energy. The rate depends on temperature and the initial
particle size. Grain growth can occur either by sintering or coarsening (Fig.[5.1)).
During sintering, individual particles are combined to a bulk with solid inter-
faces, and the density of the material can increase or remain the same. Whether
or not the density of the material increases, depends on the diffusion mecha-
nism. If material either is moved by grain boundary diffusion from the neck to
the surface or lattice diffusion from the neck to the surface, the density will in-
crease. Coarsening can occur either by coalescence, where two particles merge,
or Ostwald ripening, where smaller particles dissolve and larger ones grow.

As described in [164], [165], the purpose of grain growth studies is often to de-
termine the required temperature, applied pressure, particle size and packing,
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composition and type of atmosphere in order to produce the desired microstruc-
ture. Understanding which physical properties that make sintering happen is
crucial since it allows control of the final density and thus avoid porosity.

5.1.1.1 INCREASING THE RATE OF DENSIFICATION

Enhanced densification rates can be obtained in three different ways: dopant-
assisted sintering, hot-pressing, or liquid phase additive sintering. Dopant-
addition can reduce the grain boundary mobility, which makes it more likely
that pores will remain attached to the grain boundary. When pores are attached
to the grain boundary, it is more likely that they are completely eliminated, and
result in a higher density. Hot-pressing is carried out by applying an exter-
nal pressure, which increases the driving force for densification. Liquid phase
sintering includes a small amount of a liquid that partly fills the voids in the
material and assists in the densification. The (simplified) mechanism is typi-
cally divided into several (overlapping) steps: As temperature is increased (1)
the liquid phase is formed, and (2) distributed around the solid phase, (3) the
solid phase will be dissolved in the liquid and reprecipitate which causes densi-
fication [164] [165]. When considering which liquid phase additive to use, there
are certain guidelines, including a good solubility for the principle constituents,
and a reasonably low viscosity for rapid diffusion [164].

5.1.2 GRAIN GROWTH IN THE CZTS COMPOUND

The typically used sulfurization temperature of CZTS is in the range between
500°C and 600°C [59]. Similar to liquid phase synthesis, where Cu-S formation
is followed by Cu-Sn-S and finally Zn-inclusion to form CZTS [10§], the solid
phase formation goes through similar steps for films made from precursors. At
room temperature, only metal binaries exist, and when the temperature is raised
to above 200°C, metal-chalcogenide binaries start to form. Above 450°C, Sn will
be included into a Cu-Sn-S phase, and above 500°C ZnS reacts with CusSnSg
to form CZTS [166]. In addition to these solid state chemical reactions, the
elevated temperature is needed to remove defects and grow grains [59].

Increasing the time and temperature will produce larger grains. However, this
has to be balanced with elemental losses that are commonly seen during an-
nealing of the CZTS compound. The decomposition reaction of CZTS which is
dominating at high temperature states that

CupZnSn**S(s) = CuzS(s) + ZnS(s) + Sn®*S(s) + 3S2(9)  (5.1)
SnS(s) = SnS(g)
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Scragg et al. found that it is the multivalent instability of Sn which is the driving
force of the elemental losses in CZTS [I36]. They calculated the minimum
partial pressure of sulfur, ps,, to ensure CZTS stability at 550°C to be greater
than 2.3 x 10~* mbar, and the partial pressure product, psns(ps,)'/?, to be
greater than 3.8 x 10~° mbar. One way to keep the decomposition at bay is to
supply sufficient vapor pressure of the elements on the right side of the chemical
equilibrium in Eq. . This is done by introducing gaseous S or SnS, and by
annealing in a closed volume. For instance, Redinger et al. found that adding
S and Sn during annealing was crucial for their absorber, and increased the
efficiency from 0.02% to 5.4% for their co-evaporated CZTSSe precursors [167].
As an example of our own work, the first CZTS absorber which was annealed
without any additional sulfur or tin was found to decompose into a wide range
of secondary and ternary phases (Fig. [5.2).

2 * Green glue
¢ Cu,Sn.S
A Sn(SnS,)
VCu, S
% Cu,S

¢ CZTS

— T - T T T T T T T T T T T 1 0 ZnS
20 25 30 35 40 45 50 55 60

26 (degrees)

®ox

Intensity (a.u.)

Figure 5.2: XRD pattern with matching phases for ligand-coated CZTS thin film on
quartz annealed at 550°C for 30 min with no additional sulfur in the graphite
box. This was one of the first annealings carried out. Several secondary
phases are detected, and it is clear why S-powder is required in the box to
avoid decomposing the CZT'S phase. Once sulfur had been introduced in the
graphite box, the CZTS phase did not decompose, and no difference was seen
when varying the S-amount (which must mean that the S is adsorbed in the
graphite structure). The green glue was used to keep the sample in place.

5.1.3 STATE OF THE ART

The number of published pure-sulfide CZTS nanoparticle solar cells is from the
author’s knowledge limited to seven cases. Annealing in Se will increase the
efficiency [42], but as discussed earlier there are reasons for avoiding Se and
improving the pure-sulfide devices. An overview of the fabricated solar cells are
displayed in Table[5.1] including synthesis, deposition and annealing approaches.
The SEM micrographs of the two record devices (perhaps also the 2.5% device)
are the only samples that exhibit micron-sized grains, while the micrographs of
other devices were not of high enough resolution to see any grain boundaries.
The images are displayed in a larger size in Appendix [D] One common factor
for the two record devices is that Na is added to the nanoparticle thin film, but
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Table 5.1: Overview of all pure-sulfide CZTS nanoparticle solar cells. The
crystallite size is determined by XRD. New abbreviations: Do-
decanethiol (DDT), dimethylformamide (DMF), dichlorobenzene
(DCB), and polyvinylpyrrolidone (PVP). "C.S." denotes crystal-
lite size, and "P.S." particles size.

SEM image Synthesis Deposition Annealing n
N Spin-coating in
(d) After annealing One-pot, N
PoD oo, DA i
1h/250°C, ’ S, 5 min/580°C 20
for wurtzite p‘eated several 311
times. 25 nm NaF
CZTS. X
(sputtering).
Spin-coating in
Hot-injection, DCB, air-anneal 10
TPP, 300°C min/350°C, soaked N2+4%H2S, 30 3.6%
P.S.: 14.5+4.6 in Na-solution, min/500°C |146]
o it nm dried 10 min/80°C
contact , 1.4pum thick
One-pot, OLA, Spin-coating,
2h/260°C air-anneal 5  Air, 1h/350°C 2.5%
P.S.: 60 nm min/150°C, many C.S.: 60 nm [29]
C.S.: 20 nm layers, 1 pm thick
Doctor blading,
hexanethiol, 200
Hot-injection, mg/ml, air-anneal S/Ar flow, 2.0%
OLA 2 min/300°C, two  30min/550°C 28]
P.S.: 12 nm layers, 1.5 pum C.S.: 24 nm
thick
Solvothermal
’ R2R printing,
s EtOH/Hy0, 12 S,20 min/500°C  Loi”t
/12h ok [30]
P.S.: 10 nm pm Thie
SnS+S
One-pot mi-  Spin-coating, 50 powder/N; flow,
crowave, EG mg/ml, air-anneal 20 min/400°C 0.25%
P.S.: 7.6 nm at 80°C, 19 layers, Thickness after: [97]
C.S.: 7.3 nm 3 pum thick 2.4 um
C.S.: 26.8 nm
One-pot, OLA  Spray-coating, . 0.23%
P.S.: 10.6 nm toluene, 20 mg/ml No annealing [26]
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they also differ in other ways: One utilizes wurtzite nanoparticles that trans-
form into the kesterite phase during annealing, and the other one utilizes a type
of easily decomposable capping ligands (triphenylphosphate, TPP). The deposi-
tion technique that results in the highest efficiencies is spin-coating, but doctor
blading, R2R printing and spray-coating have also been attempted. Annealing
takes place above 500°C in atmospheres branching from pure S, to diluted HsS,
to air.

5.1.4 ANNEALING CONDITION FOR SOLUTION-PROCESSED CZTS FILMS

Numerous optimization studies have been carried out to determine the influence
of the annealing conditions on solution-processed CZTS absorber layers, however
not on annealing of nanoparticle thin films. Furthermore, most annealing setups
and starting materials are different. Previous findings can be used as a guideline,
especially when there is an agreement in the literature.

Annealing can be performed either in inert or reactive atmosphere, where the
reactive chalcogen-containing atmosphere can compensate for deficit in the ab-
sorber by increasing the S-amount. It is important to avoid having less than
the stoichiometric amount of sulfur, since sulfur vacancies have a low formation
energy and will create deep level donor defects in the absorber [47]. If the as-
deposited film lacks sulfur, annealing in sulfur will lead to a volume expansion
of the crystal lattice, and a more dense film with larger grains [168]. Finally,
as mentioned before, a high vapor pressure of sulfur will prevent the decom-
position reaction of CZTS. Sulfurization can be done with elemental sulfur in
inert atmosphere [31], [162], [160], in forming gas (for evaporated CZTS) [167], or
hydrogen sulfide [146], 169, 170, I71], 172], in increasing order of reactivity and
toxicity. In one comparative study, more uniform and densely packed grains are
seen for annealing in hydrogen sulfide [I72].

To further enhance grain growth in nanoparticle thin films, several innovative
means have been pursued. Limiting the amount of organic material by utilizing
shorter ligands [I60], more easily decomposable ligands [146], or using ligand-
free nanoparticles dispersed in ethanol/water (synthesized by the solvothermal
method) [30]. Precursors can be added to the ink to serve as nucleation centers
as demonstrated for CIS [I73], or solution-filling where precursors are added
after CIS nanoparticle films were deposited and dried [174]. Finally, employing
the phase transformation from wurtzite to kesterite resulted in the record CZTS
nanoparticles device [31]. Interestingly, one study by Zhang et al. shows that
annealing ligand-free wurtzite CZTS nanoparticles does not result in significant
grain growth [I75]. The annealing conditions used for their study were 5% HsS in
N, atmosphereEI for 30 min at 550°C. Perhaps it is not the phase transformation

INo note on pressure.
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from wurtzite to kesterite which is sole reason for the success by Liu et al., but
rather the NaF-top layer employed [31]. Na-addition is in fact one way to
enhance grain growth in the chalcogenide films, as will be discussed in the next
section.

5.1.4.1 INCREASING THE RATE OF DENSIFICATION IN CZTS
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Figure 5.3: Grain growth models for CIS, where (a) is the liquid phase CuSe sintering
model by Klenk et al. from [I76], and (b) liquid phase NaoSe, sintering
model by Braunger et al., from [I77].

The Cu-content has an influence on the structural evolution of the film, where
Cu-rich conditions display larger CZTSSe grains than the desired Cu-poor com-
position [I78]. Indubitably, this excess of Cu would result in a Cua_,S(e) sec-
ondary phase, which was also detected. Nevertheless, KCN etching can be
employed to remove unwanted Cu-phases [19]. For the selenide systems, Cu-
rich conditions are believed to improve grain growth by forming a liquid phase
CuSe-additive [I76] 179, [180]. For the sulfides, CuS is not a liquid phase at
temperatures below 600°C, which would limit the usefulness of the Cu-rich con-
ditions for grain growth in CZTS. However, due to the high cation mobility in
the Cu-S compound this could still result in a quasi-liquid phase on the surface

of the grains [I81].

The liquid phase CuSe assisted model for CulnSes; materials by Klenk et al.
explains that grains grow by a vapor-liquid-solid (VLS) mechanism (Fig. [5.3(a)).
They explain that the Cu-atoms will diffuse to the surface, and furthermore
that: "The vapor species condense at the surface of the binary phase covering
the grains. They are then transported to the binary/ternary interface where the
crystallite is growing," [176]. Other liquid binary phases could form, but CuSe
was experimentally found to be the important one.
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The incorporation of alkali metals in solution-processed CZTS thin films has
been done through a selection of different processes. The most studied additive
is sodium, which has shown massive improvements on CZTS both in terms of
grain growth and electronic properties. DFT calculations have also showed that
Na is expected to increase the conductivity and raise the efficiency of CZTS
devices [182].

Sodium can be included by soaking the film in sodium salt [146], or by de-
positing a NaF-layer on top of the absorber layer before annealing, for ex-
ample for wurtzite CZTS nanoparticles [31], and at different thicknesses for
precursor solutions (CZTSSe) [183, [184]. Vacuum deposition of a NaF-layer
is relatively complicated and expensive. In addition, for both Na-soaking and
NaF-deposition, the beneficial effects of Na is typically restricted to the prox-
imity of the NaF-layer, and limited by the Na-diffusion within the film [I85].
To obtain a more uniform distribution of Na, surface functionalization of the
nanoparticle ligands with Sb [145], or Na (in the form of CF3COONa) of differ-
ent concentrations (0.5% to 10% Na/(Cu+Zn+Sn)) [185], has been done. All
the above examples add an extra process step to the fabrication. Therefore, Na
can also be included directly in the ink, either during synthesis of nanoparti-
cles through the hydrothermal approach with NasS as the S-precursor [30] 93],
or through the precursor approach with NaoS [35], or 0.2% NaCl [32]. More-
over, Li-addition in a precursor ink with LiCl and LiF has produced the highest
hydrazine-free CZTSSe efficiency [186]. Sol-gel synthesized films with 0.5%, 1%
and 5% (Na/(Cu+Zn+Sn)) (NaOH) have also been studied [187].

The commonly accepted explanation for why Na is aiding grain growth is the
so-called liquid NaySe, mediated route, which was first developed by Braunger
et al. and showed in Fig. |5.3(b). Here, cracking of Seg molecules into Se,,
1 < y < 8, is followed by reaction with a Na™ ion at a grain boundary to create
reactive liquid NasSe,. This material has a higher sticking coefficient to the
chalcogenide crystal surface than gasous Se,, so after sticking they will crystal-
lize with metallic precursors at the grain boundary to form the chalcogenide.
Due to the resemblance between the Na-S and Na-Se phase diagrams, we assume
a similar mechanism can explain the increased grain growth in the pure-phase
CZTS system [I88],[189]. The reactive sulfide phase would now consist of NasS,;.

5.2 EXPERIMENTAL DETAILS

Sulfurization is performed in a home-made vacuum oven with the possibility to
choose the background gas and pressure. The parameters that can be controlled
in our setup include:

e Temperature and heating ramps
e Time
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e Initial background pressure
e Atmosphere (N3 or 5% Hs in Nj)

Parameters that cannot be directly controlled or measured are:

e Sulfur and tin sulfide vapor pressure
e Cooling rate

After annealing, there will be residual sulfur and tin sulfide inside the graphite
box. The oven has one hot zone and one cold zone, and sulfur solidifies on the
cold zone and therefore it must be lost from the graphite box. How long time
the provided sulfur stays in the graphite box is not known.

5.2.1 OVEN DESIGN

N,-gas or 5% H, in N,-gas
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Figure 5.4: Sulfurization oven, including (a) graphite box schematics, (b) image of oven,
and (c) schematics of oven. The dimensions of the quartz tube are: Length
50 cm, outer diameter 110 mm, and glass thickness 3 mm.

The sulfurization oven setup is depicted in Fig. The temperature and
pressure were monitored during each annealing with a thermocouple positioned
either inside a hole in the graphite box, next to the graphite box, or outside the
quartz tube. The limitations on the temperature is that above 600°C SLG de-
terioratesEl [I70]. Furthermore, the oven has some mechanical limitation, where
the temperature of O-rings cannot exceed 200°C. The O-rings are located to-
wards the cold zone in the quartz tube, where the quartz tube is connected to
the metal flange. The graphite box is showed in Fig. a), and sometimes a
lid with a 1 mm hole in was used. S powder (99.98%) and SnS powder (99.99%)
were purchased from Sigma Aldrich, and always put in the small compartment
in the graphite box when used.
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Figure 5.5: Annealing profile of temperature and pressure during a typical annealing at
600°C for 30 min. The temperature oscillates between 596°C and 603°C as
showed in the inset.

5.2.2 EXPERIMENTAL PROCEDURE

In a typical annealing, 100 mg of S powder was added to the graphite box, which
also contained unquantifiable amounts of residual S from previous annealings’]
The oven was pumped down to a base pressure below 10~2 mbar, filled with
100 mbar N5, and heated to 600°C in 45 min. The temperature was kept at
this step for 30 min, followed by a natural cooling where it took 10 h to reach
50°C. This is displayed in the annealing profile in Fig. [5.5] The temperature
at 600°C will in fact oscillate between 596°C and 603°C, as can be seen in the
inset. The pressure in the quartz tube increases from gas expansion according
to the ideal gas law, and to a less extent from evaporation of S. The pressure
specified in the discussion below is the initial pressure prior to heatingﬂ

5.2.2.1 OVEN CLEANING

The oven was cleaned by scraping off sulfur with paper towels from inside the
quartz tube every eight to tenth annealing, followed by a bake out, where the
oven filled with Ny was heated to 600°C and pumped. The graphite box was
also left inside the oven. There was no way to test the effect of this cleaning,
but less sulfur remained on the inside of the quartz tube.

2Tt is possible to anneal at 800°C, as done by Chernomordik et al., however the SLG might
be damaged after this [162].

3The graphite box would also contain Cu, Zn, Sn, and S from previous annealings, and
especially SnS powder after SnS was introduced.

4The actual pressure during annealing will depend on the temperature.
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5.2.3 CHARACTERIZATION

One new characterization technique used here was glow-discharge optical emis-
sion spectroscopy (GDOES). GDOES measures compositional depth profiles in
solid samples. This is done by sputtering material off the sample, and detecting
emission from atoms accommodated in plasma. A Horiba Scientific Profiler2
was used, which was operated in RF-mode at powers of 25 W with a patented
ultra fast sputtering (UFS) technology using a gas mixture of Ar and 5% O at
a pressure of 300 Pa.

5.3 RESULTS AND DISCUSSION

The results from the annealing studies are split up into three parts: the ligand-
coated nanoparticle films in Section [5.3.1] films made from a precursor ink and
deposited with spray-coating in Section [5.3.2] and the ligand-free nanoparticle
films in Section This is also in chronological order according to when the
work was conducted.

5.3.1 LIGAND-COATED CZTS NANOPARTICLE THIN FILMS
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Figure 5.6: Display of typical ligand-coated CZTS nanoparticle films deposited via doctor
blading. (a)-(c) show top view SEM micrographs of an as-deposited (a) and
two annealed films (b)-(c). (d) shows a cross-section, where it is clear that
the large grains grow on top of the film. (e) shows the XRD patterns of an as-
deposited and annealed film, where the peaks sharpen after annealing. SEM
micrographs taken by Andrea Crovetto.

In this section a summary of the results on annealing ligand-coated CZTS
nanoparticle thin films is presented. The nanoparticles used for this analysis
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were the ones synthesized by the one-pot method described in Section [2.3.2]
with severe reproducibility or EDX measurement issues.

Three parameters were preliminary investigated: (1) the amount of sulfur re-
quired for annealing (0 mg, 20 mg, 50 mg, 100 mg, and 200 mg), (2) the sul-
furization time (30 min, 1 h, and 2 h), (3) the background pressure used for
annealing (see Appendixfor all SEM micrographs and selected XRD patterns
and compositions). No significant difference was detected under the selected an-
nealing conditions, except for the XRD pattern of the first annealing with 0 mg S
in the graphite box (Fig. , which showed decomposition of the CZTS phase.
An overview of a typical appearance of these films is displayed in Fig. [5.6] As
a general observation, grains grow on the surface of the films. The composition
of the large grains (Cu/(Zn+Sn)=0.82, Zn/Sn=1.32) versus the composition of
the average film (Cu/(Zn+Sn)=0.65, Zn/Sn=2.0) suggests that the large grains
on top of the surface are CZTS. There was no trace of grain growth within the
films (Fig. |5.6{(d)), but a high amount of organic material was detected here.
The grain growth on the surface of the film and the presence of the fine grain
layer are consistent with what other groups find when annealing ligand-coated
nanoparticles (sometimes to a lesser extent than us) [31] 146 162}, [160].

The XRD patterns in Fig. e) do not show any secondary phases, and the peak
sharpens during annealing. The crystallite size as calculated by the Scherrer
equation goes from 11 nm to 55 nm after annealing at 550°C for 30 min, which
agrees with with grain growth occurring.

The curious appearance of CZTSe grains on top of the film has been explained
in terms of out-diffusion of cations to the top surface [190]. Mainz et al. saw
that the layer under the large grains contained a higher concentration of carbon
than the bottom of the film [I90]. They proposed that the carbon covering the
particles restricts them from merging, either by reducing the surface energy of
the particles (which in turn reduces the driving force for sintering) or in another
way create an energy barrier for growth, and thus making cation out-diffusion
to the surface the only possibility to form large grains [160].

The underlying formation mechanism is thus connected to (lack of) decomposi-
tion of organic material at the surface. Tiong et al. study the grain growth
of CZTS nanoparticles in different solvents with 3 to 10 carbon atoms per
molecule [160]. They find that when solvents with three carbon atoms were
used, a bi-layer with a dense but thin top layer of grains up to 3 um in diameter
were formed. When the carbon content in the solvent molecule is 5 or 7 atoms,
the micron-sized grains penetrate deeper in the absorber but at the expense of
a higher porosity. When the number of carbon atoms in the solvent was in-
creased to 10, grain growth was further restricted and did not cover the full top
surface (similar to our absorbers in Fig. [5.6(b) and (c), which were made with
a 8 carbon atoms solvent).
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The organic ligands and solvent residues can (I) evaporate, (II) thermally de-
compose, or (IIT) react with sulfur. Chernomordik et al. suggest the formation
of CSs, COS, and HsS, when annealing ligand-coated CZTS nanoparticle thin
films in a quartz ampule for a better control of the sulfur pressure [162]. This
assessment was based upon eye inspection of the color of the evolved gases, the
faint sulfurous odor when the sample is removed from the quartz ampule, and
from elemental analysis of the leftover powder, which was mostly carbon with
trace amounts of sulfur.

These species (m/z 76 (we see some 44), 60, and 34, for CSy, COS, and H,S,
respectively) were not detected with mass spectrometry, but admittedly there
was no added sulfur powder during these studies. Based on the results in Pa-
per III, the oleylamine ligands will thermally decompose into smaller fragments
such as CHoNHo, CgHg, and CQH; starting at 350°C and peaking at 470°(f
Increasing the annealing time and temperature to 2 h at 800°C as done by [162]
did not result in a complete removal of the organic material, suggesting even
more energy is required.

Organic material CHNH, Sinter/Coarse

.
\ CHy CHe

Figure 5.7: Grain growth model by removal of organic material based on our results, and
inspired by Tiong et al. [160]. The presence of too much organic material
will prevent the merging of the nanoparticle, but as the oleylamine ligands
thermally decompose into smaller species, grain growth will finally occur.

The explanation by Tiong et al. for why the grains are growing on the surface is
also based upon that sulfur is participating in a reaction with carbon to remove
the organic material. For removal of carbon within the film, sulfur vapor would
first have to diffuse into the bulk. Once a compact CZTS top-layer is formed, this
will further hinder the diffusion of sulfur to the fine grain layer underneath [160].

Based on the results in Paper III, we cannot say that removal of organic
material is connected to the sulfur vaporP} since we did not add any sulfur and
we still saw grains growing on top of the film. Therefore, our hypothesis is
that thermal decomposition of the organic materials is part of the formation
mechanism, and that the organic species that will have to diffuse to the surface
to be removed. Particles will merge to minimize the surface energy, however

51 cannot explain why thermal decomposition appears to stop above this temperature. Is
it too hard for the organic material within the film to diffuse to the surface? Should we
include an isothermal annealing step at 470°C?

SThere is of course a possibility that sulfur evaporates from the CZTS.
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this requires that the particles are in contact, which is not the case when an
organic coating existsﬂ Based on our results, we present an adjustment of grain
growth model originally made by Tiong et al. (Fig.5.7).

As-deposited Annealed

T T T T T T o = T = T = T
0 200 400 600 80D 1000 1200 100 200 300 400
Time (s) Time (s)

(a) (b)

Figure 5.8: GDOES measurements of an (a) as-deposited and (b) annealed film. The
cation amounts do not change in relation to one another, however the Na-
amount is clearly increasing after annealing. This points to out-diffusion of
Na from the substrate. GDOES measurements taken by Patrick Chapon.

The preliminary GDOES measurements in Fig. [5.8] suggest out-diffusion of Na
during annealing. The measurements were not calibrated and cannot be used
for quantification. What can be deduced is the relative concentrations of each
element. While the Cu-, Zn-, and Sn-amounts do not seem to change during
annealing, the Na-amount increases to a great extent. The very low presence of
Na in the Mo-layer is also observed in similar measurements [I84]. Na-diffusion
from the SLG is commonly seen and known to improve grain growth [191], [192],
however the out-diffusion of Na from the SLG was not enough to enhance grain
growth in these nanoparticle films.

5.3.1.1 SUMMARY

The ligand-coated nanoparticle thin films presented here, did not work well as
solar cell absorber (see Chapter |§[) Presently, grains nucleate and grow at the
film-vapor interface, and micron-sized grains are required connecting the back
Mo-contact with the top surface. Focus should be put upon minimizing the
amount of organic material, and optimizing the annealing conditions further.
The presented changes with respect to the sulfurization time, the added sulfur
amount, and the pressure, have not been sufficient to merge the nanoparticles
into larger grains. Uniform grain growth have been observed by other group,
and therefore it should be achievable.

"The length of the oleylamine molecule is approximately 2 nm.
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Limiting the amount of organic material in the films can be done by increased
washing of the nanoparticles or by using less binder used during deposition.
However, as we expected this difficulty at an early stage, the ligand-free nanopar-
ticles were developed. In a few sections you will see that adding a rather high
concentration of Na, can lead to successful sintering of the nanoparticles.

5.3.2 PRECURSOR CU-ZN-SN-S THIN FILMS

The precursor inks should, according to recent record efficiencies of solution-
processed CZTS, be an easier starting point than CZTS nanoparticles. There-
fore, it seemed like the best method to understand and optimize the spray-
coating approach and also a promising method to make absorber layers. Ac-
cordingly, the first time grain growth was detected within the depth of a film,
was for a thin film deposited from a precursor ink with spray-coating (Fig. .

Figure 5.9: SEM micrograph of spray-coated film made from precursors. This was the
first time grain growth was detected within the film. This is samples M1,
annealed at 550°C for 20 min. Images taken by Andrea Crovetto.

A typical ink was formulated by preparing three mixtures: 0.8 mmol CuClsy-
2H50 was dissolved in 10 ml DI water, 0.67 mmol ZnCls and 0.42 SnCly- 2H50
in 10 ml DI water, and 380 mg thioures in 20 ml DI water in a third flask. The
three mixtures were stirred for 10 min, whereafter 2 drops of HC] was added to
the Zn and Sn solution. The mixtures were combined, and the ink was used for
spray-coating as described in Chapter [d] Annealing was carried out at 550°C.

As an overview of the work, three inks with different salt concentrations are
listed in Table [5.2] None of them have the desired composition as measured by
EDX, but the XRD patterns of all annealed samples were satisfactory (Fig.[5.10|a)).
The Raman spectrum of sample M3 displays sharp CZTS peaks (compare the
286 cm ™! peak) (Fig.[5.10(a)), and sample M3 could be Zn-poor CZTS. Samples
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Figure 5.10: Characterization of samples M1, M2, and M3 prepared by spray-coating a
precursor ink. Raman spectra (a) of annealed samples with increasing CZTS
signal, and XRD patterns (b) for different annealing procedures. Perhaps
there is a XRD peak at 31.8° for sample M3, but due to the noise level it is
difficult to say.

Table 5.2: Effect of varying metal salt on elemental composition after anneal-
ing. The composition is presented as if the synthesized phase is
CZTS, but in fact it could be a combination of binary and ternary
phases as well.

Sample  CuClyp- 2H20 (mmol)  ZnClz (mmol)  SnCly- 2H20 (mmol) Composition

M1 0.8 0.67 0.42 CugZns 1SnSy.8
M2 0.8 0.54 0.57 Cug.7Zn2SnSy 3
M3 0.8 0.54 0.74 Cu1.37Zng.gSnS3 ¢

M1 and M2, on the other hand, are Zn-rich and could very well contain a ZnS
secondary phase, which cannot be detected with XRD or Raman spectroscopy
with the laser wavelength of the setup used.

5.3.2.1 SUMMARY

The results in this section are preliminary, and they should here serve as an
introduction to what can be done without nanoparticles. By tuning the con-
centration of the metal salts in the ink, a better composition can be obtained.
However, it was the deposition technique used here, spray-coating, which made
it challenging to achieve reproducible films. Since promising results were ob-
tained from the ligand-free nanoparticles (see below), the precursors route was
not pursued further.
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5.3.3 LIGAND-FREE CZTS NANOPARTICLE THIN FILMS

The sulfurization oven and the conditions applied are crucial for making a good
absorber layelﬂ Therefore, reproducible films with the same composition were
needed in order to optimize the annealing conditions. This was obtained by
drop-casting the ligand-free nanoparticles with very similar composition (most
films were made from only two different batches). This allowed examination of
the effect of added sulfur-amount and SnS-amount in the graphite box, back-
ground pressure, sulfurization time and temperature, atmosphere, and finally a
liquid phase additive. The results are collected in Paper I'V. In the following,
an overview of the paper and some additional results are presented.

5.3.3.1 SUMMARY OF FINDINGS IN PAPER

The effect of Na in CusZnSnS, nanoparticle thin films has been investigated.
The as-synthesized CZTS nanoparticles were inherently ligand-free (Paper II),
which allowed the use of polar solvents, such as water and ethanol. Another
advantage of these particles is that the user- and environmentally-friendly NaCl
salt can be directly dissolved in controllable amounts. This further circum-
vents the need for later incorporation of additives, or a ligand-exchange step
to functionalize the surface of the nanoparticles. In addition, the homogeneous
distribution of Na in the ink allows uniform grain growth within the deposited
absorber layer.

By including Na in the nanoparticle ink, micron-sized grains throughout the
whole absorber are achieved after annealing in a sulfur atmosphere at 600°C.
The absorber layer appeared to be of a density corresponding to full density,
and no closed porosity could be detected. In addition, the photoluminescence
signal increased by a factor of 200 after Na-inclusion. Without Na, the grains
were very difficult to sinter, the film was porous, and the photoluminescence
was low. The Na-concentration was defined as the Na/(Cu+Zn+Sn)-ratio of
the measured Cu, Zn, and Sn atomic percentages and the added Na, and we
see that concentrations between 10% and 40% produced a dense absorber with
micron-sized grains. These concentrations are significantly higher than those
used in other CZTS systems with sodium.

We also found that a sulfidation temperature above 550°C was required. At
550°C, NaCl-crystals appeared on the surface of the thin films, suggesting an
incomplete transformation of Na into the liquid phase NayS,-additive during

8We realized this after my colleagues sent a PLD absorber to another lab for annealing
and device fabrication. The efficiency increased from 2.7% to 5.2%! We suspect that the
sulfurization was the main difference, as the other layers appeared similar or even better
when fabricated in our lab.
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sintering. At this temperature, grain growth was only detected in close prox-
imity to the NaCl regions. It was also observed that the NaCl crystals could
be easily removed by a quick water rinse, but that this treatment reduced the
photoluminescence signal (Chapter |§[) This is relevant as it is customary to
leave the absorber layer in a water-based solution after annealing before buffer
layer deposition.
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Figure 5.11: A 4 h XRD scan will reveal the small peaks that do not exist in ZnS or
Cu2SnSs. Adopted from Paper IV.

5.3.3.2 ANNEALING WITHOUT NA

In the supporting information of Paper IV, you will find a meticulous study on
CZTS films without Na of all annealing conditions that could be changed in our
setup: The amount of sulfur between 0 mg and 200 mg, background pressure
from 25 mbar to 225 mbar, the temperature between 400°C and 600°C, SnS
addition, annealing atmosphere, and annealing time between 0 min and 2.5 h.
The composition, SEM morphology, XRD patterns, Raman spectra, and PL
spectra were quite similar for the different conditions. However, a few of these
results are good examples of typical or atypical phenomena that occur in CZTS
and our nanoparticle system, and will be discussed here accordingly.

First of all, the sample annealed at 600°C was the only one where a change in
morphology was seen, however the sample was still very porous. An extraordi-
narily accurate XRD scan of this sample did reveal all the small reflections that
do not exist in ZnS and CusSnS3 (Fig. [5.11). These phases might still exist, but
considering the relative peak intensities, most of the material must be CZTS.

Secondly, one may expect S- and Sn-loss especially for the material annealed
at 600°C, but this was not detected even though no additional SnS-powder
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Table 5.3: Composition of selected samples from annealing optimization
study. Atomic ratios are averages of five different measurements,
and errors are standard deviations calculated from five measure-
ments. Reprinted from Paper IV.

Sample Cu (at.%) Zn (at.%) Sn (at.%) S (at.%)
As-synthesized 2540.3 14+0.4 14+0.5 4740.2
600°C 0 min 25+0.7 1440.7 134+0.7 48+1.0
600°C 30 min 254+1.0 14+40.4 14+0.4 474+1.3
600°C 2.5 h 23+0.5 1340.3 134+0.3 51+0.9
400°C 22+40.8 124+0.4 154+0.8 51+1.1
500°C 23+1.1 13+0.9 13+0.6 514+1.9
Hole in lid 21+0.6 1440.7 12+1.1 53+1.4

was used (Table . We therefore assume the partial pressure in the graphite
box of S(g) and SnS(g) is sufficiently high in order to avoid elemental losses.
SnS powder has been foreseen as an indispensable addition [136], but it did
not directly help in our annealing, and no groups that made a solar cell from
nanoparticles claimed or disclosed using itﬂ [31] 146]. Thus, the decomposition
reaction in Eq. could be less pronounced for annealing nanoparticle thin
films.

The samples that had the largest deviations from the original composition were
the samples annealed at 400°C, 500°C, and the sample annealed with a hole
in the graphite box. A decrease in the Cu-amount was seen for all samples,
and possibly a loss of Sn for the sample annealed with a hole in the lid, but
it is difficult to draw any conclusion when the S-amount also increases and
the errors of the measurements are quite substantial. The Raman spectra that
differed most from the rest were those at 400°C and 500°C, and Fig. shows
that Cu-Sn-S phases are present below 550°C. The existence of these phases
corresponds well to what is expected to form in these temperature regimes [166].
The XRD pattern of the sample annealed at 400°C (see Supporting Information
of Paper IV) may have a Cu; gS phase, but the Cu-Sn-S phases detected with
Raman spectroscopy will overlap with the CZTS peaks.

5.3.3.3 MIXING NANOPARTICLES AND PRECURSORS

As an additional attempt to enhance grain growth in the ligand-free nanoparticle
films, precursors were added as nucleation centres. Films were made from a
mixture of spray-coated nanoparticles and precursors. Fig. [5.13] displays SEM
micrographs of three types of spray-coated samples: Precursors, nanoparticles,
and a mixture of 50% precursors and 50% nanoparticles. These films were

9Flynn et al. used it to fabricate a solar cell with an efficiency of 0.25%, which is similar to
an non-annealed device [97, [26].
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Figure 5.12: Phase evolution for CZTS nanoparticle thin film annealed at different tem-
peratures. The main CZTS peak around 337 cm~! was present in all sam-
ples, and other CZTS peaks are marked with a e . The as-synthesized
particles contain a SnS-phase, which still exists at 400°C. At 400°C and
500°C Cu-Sn-S phases were also seen. At 600°C, a MoSs phase is present,
however this has to do with the thickness of the sample. Raman spectra
taken by Stela Canulescu. Figure is adapted from Paper IV.

annealed at 550°C for 30 min in forming gas. The thickness can be sufficiently
controlled to around 2 um, but many holes exist, in particular for the films made
from precursors. No micron-sized grains are seen, and the films are very porous.
The largest agglomerates appear for the precursor films, and the smallest for
the nanoparticle films. Whether the agglomerate consists of grains cannot be
concluded, but under all circumstances they are smaller than a few hundreds
of nanometer. Furthermore, the precursor and 50%/50% as-deposited films
appear smooth, but after annealing the porosity increases because of solvent
evaporation. Films of a very similar morphology from spray-deposited CIGS
have been fabricated by Ahn et al. [180].

The sample composition was determined to be Cuj 5Zn;.15nS2, Cuy 4ZnSnS-,
and Cuy 7Zng 9SnS», for precursors, 50% /50%, and nanoparticles, respectivelylﬂ
No secondary phases could be detected from the XRD patterns with this res-
olution (Fig.[5.14(a)). The Raman spectra only show the CZTS peaks, except

10The sulfur amount could not be quantified because it overlapped with the Mo-signal.
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Precursors 50%/50% Nanoparticles

(a) As-deposited top views

Precursors 50%/50% Nanoparticles

(b) Annealed top views

Precursors 50%/50% Nanoparticles

(¢) Annealed cross-sections

Figure 5.13: Spray-coated samples, where (a) are the top views of as-deposited samples,
(b) the top views of the annealed films under different magnifications, and
(c) the cross-sections of annealed samples with a thickness around 2 pm.
Films were annealed at 550°C for 30 min in forming gas.
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Figure 5.14: XRD patterns (a) and Raman spectra (b) of three types of spray-coated
films. The XRD patterns appear similar, and as do the Raman spectra.
Raman spectra taken by Stela Canulescu.

for the nanoparticle sample where a substrate peak (MoSy) was also detected,
and possibly a SnS, peak (Fig. b)). This study exemplifies the difficulty in
seeing grain growth in these solution-processed CZTS thin films.

5.3.3.4 THE EFFECT OF NA-ADDITION

Figure 5.15: Dense CZTS layer with micron-sized grains. The thickness should be de-
creased to make a device. A 200 nm thick MoSsz-layer is detected at the
substrate.

For the thin films in this work, a concentration of 10% Na or higher was used
to induce a change in film morphology. A cross-section of a sample with 40%
Na annealed at 600°C is displayed in Fig.[5.15] where dense, large grains can be
seen. In addition, a 200 nm thick MoSs layer could be identified as part of the
Mo-layer. The high Na-concentrations in themselves were not sufficient to sinter



5.3 RESULTS AND DISCUSSION 87

(a)

Figure 5.16: Comparison of (a) 30% Na annealed at 550°C, (b) 40% Na annealed at
600°C, and (c) 40% Na annealed at 600°C with a subsequent water rinse.
Some grain growth in the sample annealed at 550°C is detected, however it
is very porous and it could possibly be NaCl. Once Na is added and the
temperature is raised to 600°C, micron-sized grains appear throughout the
whole absorber layer, and the film looks similar after water rinse.
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Figure 5.17: Raman spectra of annealed CZTS at 600°C with 40% Na, with no sign of
any secondary phases except from MoSs. Raman measurement by Stela
Canulescu.

the particles, but additionally a temperature of above 550°C was required, as
the cross-section micrograph in Fig. a) shows. This has been seen before,
for example by Tian et al. who used NayS as sulfur precursor when synthesizing
CZTS nanoparticles by the hydrothermal route, but as they only anneal at
500°C, no significant grain growth was achieved in their system [30]. For some of
the films annealed at 550°C, NaCl-crystals were detected by XRD and elemental
mapping on the surface of the CZTS films. These would be detrimental to a
solar cell, however they can easily be removed with a quick water rinse. The
cross-section after such a treatment is showed in Fig. c).

The Raman spectrum of a 40% Na sample in Fig. m shows many of the
characteristic peaks for CZTS, with no signs of any secondary phases. However,
with Raman spectroscopy it can be difficult to distinguish CZTS from ZnS with
the laser wavelength used here. Furthermore, Sn-S has been detected at the
CZTS film/Mo-substrate interface by doing Raman spectroscopy on exfoliated
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films (Paper IV). The presence of a SnSs phase at the back contact would
probably be detrimental to the solar cell, as it is an n-type semiconductor with
a band gap of 2.2 eV.

Sulfurization of the back contact to a layer of MoS, has only been detected
from cross-sections of samples annealed with Na. The formation of MoSs in-
dicates a high reactivity of S during annealing, as S can diffuse deeply into
the absorber [193]. Accordingly, Tiong et al. also notice the formation of a
thin (50 nm) MoS; for C-rich solvents, and thick (350 nm) MoS, layers for sol-
vents with less carbon [I60]. The existence of reactive sulfur is good, because
it means that grains will grow, however the formation of MoSs may not be
beneficial. MoS; is an indirect semiconductor with a band gap of 1.3 eV that
may affect the Ve and alter the band-alignment at the CZTS/Mo-interface to
restrict hole transport [49].

Table 5.4: Composition of samples with 10% Na. The atomic ratio is the
averages of five different measurements, and errors are standard
deviations calculated from these five measurements.

Sample Cu (at.%) Zn (at.%) Sn (at.%) S (at.%)
N1 (as-synthesized) 24+0.9 16+0.6 1340.6 48+0.9
N1 30 min 244+1.6 1340.8 1242.7 5144.8
N1i1lh 234+1.0 13+2.4 12+0.8 5242.6
N12h - - - -

N2 (as-synthesized) 23+0.6 18+0.5 1240.5 474+0.9
N2 30 min 19+1.6 15+2.8 10+1.5 56+5.4
N21h 22+40.6 18+1.7 114+0.3 50+1.4
N22h 2240.7 17+0.4 10+£1.0 51+1.2

5.3.3.5 THE EFFECT OF SULFURIZATION TIME WITH NA-ADDITION

As an additional example of how Na-addition enhances grain growth, two nanopar-
ticle batches with different composition were annealed with 10% Na for different
annealing times. The compositions are listed in Table and SEM micrographs
of top surfaces are shown in Fig. Apparently, the sulfurization time is not
very important for the degree of grain growth, but rather the Na-concentration.
For these films, a concentration of 10% is not sufficient to create a completely
dense layer.

5.4 OUTLOOK

Annealing CZTS nanoparticle thin films in sulfur atmosphere can be discourag-
ing. Basic improvements such as increased sulfurization time and temperature,
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As-deposited
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Figure 5.18: SEM micrographs as a function of time for two different compositions (N1:
Cuy.8Zn; 25nS3.7, N2: Cuy.9Zni.55nS3.9. Annealing is carried out at 600°C
with 10% Na, and no added SnS powder.

minimized C-content, or changing the atmosphere to forming gas only led to
relatively small changes in film morphology. High porosity, small grains within
the film, or grains only growing on the surface of the films were some typical
features of these nanoparticle films. The addition of Na in the form of NaCl
salt aided grain growth throughout the thin film and produced a dense absorber
layer. For even higher concentrations of NaCl in the inks, methanol or water
could be used to form the ink, as NaCl is more soluble in these solvents. To
better understand the mechanism of Na-assisted grain growth, annealing studies
on films with Na at different temperature should be carried out. Furthermore,
it might be possible to carry out Monte Carlo simulation studies to learn more
about the grain growth mechanism in these films.

One critical point about Na-addition is that it requires such a high annealing
temperature (600°C), as liquid phase NasS, has to be created. I think that
the next step should be to investigate other liquid phase additives. I would say
there are five criteria that need to be fulfilled: (1) the molecule should contain
sulfur, (2) it should become liquid at a lower temperature than NasS,, (3) it
has to work as a liquid phase additive and enhance sintering, (4) it should also
improve the electronic properties of CZTS, and (5) it should of course be rela-
tively cheap and non-toxic. My first-hand suggestions would be Ks5S,, RboS,,
and Cs2S, which for high atomic percentages of sulfur would be a liquid at a
lower temperature than NasS, as seen from their individual phase diagrams
(Fig. and [188, [194] [195] [196]. Among these, potassium has proven
advantageous for solution-processed CZTS [197]. I would also encourage com-
putational material scientists to calculate which of these dopants that would be
useful for the electronic and photovoltaic properties of CZTS.

To further enhance grain growth in the film, a few approaches could be at-
tempted: Adding precursors to the Na-included films annealed at 600°C, or hot
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pressing the films during annealing (perhaps simply under a weight). Further-
more, for the spray-coated films, hot pressing or vacuum pressing after deposi-
tion could help create a more flat film.

The oven itself can also be improved, which would result in more reproducible
and perhaps better results. Firstly, finding a way to control or measure the S
(and perhaps SnS) vapor pressure during annealing would be helpful. The oven
is built in such a way that it has one hot zone and one cold zone. We see that S
sublimes on the cold zone, which means it is lost from the graphite box at some
point. Therefore, building an oven that has no cold zone would allow a static
environment with more S vapor. Some groups achieve this by annealing their
samples in sealed quartz tubes, however this is not a fast and easy approach.
Some groups also use hydrogen sulfide, which could be an option (especially now
we already installed a HS sensor), but maybe not for up-scaling at a later stage.
Secondly, control of the cooling would be useful. It could allow more than one
annealing per dayE and some secondary phases are more favourably formed at
lower temperature regimes. It could also allow control of the order/disordering
of the cations in the lattice. Many groups have a rapid thermal processing
(RTP) oven, which can heat and cool very quickly. Finally, adjustments of the
graphite box could be made by increasing the wall thickness or with a tighter
construction (e.g. by screwing the lid on) to ensure a more stable atmosphere
of S vapor and SnS vapor. Furthermore, coating the graphite box with SiOo
could also do the same.

'We were four people using the oven for sulfurization.
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Figure 5.19: Phase diagrams of the (a) Na-S system, and (b) K-S system, from [I88] [194].
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CHAPTER 6

PHOTOVOLTAIC BEHAVIOUR
OF SOLUTION-PROCESSED
CU9ZNSNS4 THIN-FILM
DEVICES

In this chapter, a few CZTS thin-film solar cells will be briefly presented. I want
to emphasize that focus has not been on manufacturing devices, as thin-film
deposition still needs to be optimized. However, here are some baseline mea-
surements that can be improved in the future. A useful measure to determine
the quality of the bare absorber layers is photoluminescence (PL). We found
that the annealed ligand-free CZTS nanoparticle thin films exhibited a high PL
signal when sodium was included, which indicates that radiative recombination
is dominating, and thus fewer defect states exist.

6.1 INTRODUCTION

In the following, the most important equations governing the behavior of a solar
cell will be presented. The total current density, J, that in an ideal case can
be extracted from a solar cell can be described by the light-generated current
density, Jr, minus the diode current, such that

J=J—Jo (quA/kT - 1) (6.1)

where Jy is the saturation current density, g the charge on an electron, V4
the diode applied voltage, k the Boltzmann’s constant, and 7" the temperature
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[198]. A solar cell is typically characterized by parameters such as the open-
circuit voltage, Voc, the short-circuit current density, Jsc, the fill factor, Fr,
the series resistance, R, and the shunt resistance, R, which are all parameters
that can be determined from the JV-curve.

The power conversion efficiency, 1, can be found as the fraction between the
maximum power output, P, and the incident power, P;, [199], as

_ Pn Viudn  VocJscFr
""P.  P. R

(6.2)

where V,,, and J,, are the maximum voltage and current density, respectively,
created in the solar cell.

6.2 EXPERIMENTAL DETAILS

All samples were annealed with 100 mg S, at 10 mbar Ny pressure, 550°C for
1 h. The conventional device structure for CZTS solar cells consists of: Mo as
the back contact, CZTS as the p-type absorber, CdS as the n-type buffer layer
with a band gap of 2.4-2.6 eV, ZnO window layer, Al-doped ZnO (AZO) as the
transparent conductor, and Ag or Al dot contacts on the top surface. For the
detailed fabrication process, see [200].

6.2.1 CHARACTERIZATION

The current density-voltage (JV) characteristics were determined under simu-
lated sunlight (AM 1.5G, 100 mW /cm?) and measured with a Keithley 2400
Source Meter. The setup was calibrated with a standard crystalline silicon solar
cell by Newport.

The external quantum efficiency (EQE) is a measure of how many incoming
photons that are converted into electrons in the external circuit. The EQE was
measured using a home-made setup at DTU Nanotech. Light from a halogen
lamp was monochromated and focused onto a 0.5 mm diameter spot on the
solar cell. The output current was measured in 10 nm wavelength steps at zero
voltage bias and calibrated with a standard Si photodiode to yield the quantum
efficiency of the device.

In photoluminescence spectroscopy a semiconductor is excited by illumination
from a laser /lamp, and carriers emitted by radiative recombination are collected
with a detector. Steady-state photoluminescence spectra were measured with
an Accent RPM2000 system at an excitation wavelength of 532 nm and power
density 100 W /cm?.
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6.3 RESULTS AND DISCUSSION

In the first part of the results, the best devices fabricated to date will be pre-
sented, and the second part will display the PL spectra of ligand-free CZTS
nanoparticle films. As a final remark, a device annealed in selenium atmosphere
is showed for comparison.

6.3.1 PERFORMANCE OF CZTS SOLAR CELLS WITHOUT NA

The current-density versus voltage characteristics of the best solution-processed
CZTS solar cells fabricated are showed in Fig. [6.1(a). The best device was made
from ligand-coated nanoparticles, and it had an efficiency of 0.2%. Important
device characteristics are compared to the precedent literature in Table
where all our parameters are lagging behind the record device by Liu et al. [31].

5
Ligand-coated nanoparticles, n=0.2%
4] —— Precursors, 1=0.124%

—— Ligand-free nanoparticles, n=0.03%

Current Density (mA/cmz)

-0 0.0 01 02 03 04 05
Voltage (V)

(a)

Figure 6.1: Photovoltaic performance (a) of solar cells made with different approaches but
all with the typical bi-layer structure. The dashed lines are the measurements
done in the dark. SEM micrograph (b) of a ligand-coated CZTS nanoparticle
solar cell with an efficiency of 0.1%. Measurements and image acquired by
Andrea Crovetto.

Table 6.1: Characteristic performance parameters for CZTS solar cells from
three different inks. All samples were annealed at 550°C for 30 min
and without any Na.

Ligand-coated  Precursors Ligand-free Liu et al. [31]
n (%) 0.2 0.12 0.03 4.8
Voc (mV) 315 135 139 525
Jse (mA/cm?) 2.5 3.6 0.95 17
Fr (%) 37 20 53
Area (cm?) 0.2 0.14 0.17
Rs (under illumination) (Qcm?) 34 19 65
Ry, (under illumination) (Qcm?) 303 44 135
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Figure 6.2: External quantum efficiency spectral response of ligand-coated CZTS
nanoparticle solar cells. Measurement done by Andrea Crovetto.

The maximum theoretical power conversion efficiency for a material with a band
gap of around 1.5 eV is 32% for a single-junction solar cell [20I]. The low
efficiency of the fabricated devices is a consequence of overall low V¢, Jsc,
and Fr. Among these, the Voo is a measure of the difference between the
conduction band in CdS and the valence band in CZTS under flat-band/open
circuit conditions (or the difference between the quasi-Fermi levels under short-
circuit conditions). It will be limited from tail states in the band gap, and thus
by bulk recombination or interface recombination.

The Jsc¢ will depend on optical properties of the material, e.g. absorption
and reflection, and on the collection probability. The absorption and reflection
should be similar, such that low collection must be the cause for the low Jgc.
The carrier collection is proportional to the generation of carriers (which is
similar when the thickness does not change), and correlated to the diffusion
length of electrons and holes. The ligand-coated nanoparticle device displays
"crossover" between the light and dark JV-curves, which means that the device
is dominated by recombination currents.

The Fr will also depend on a few different features. A high series resistance
in all devices, but especially in the one made from ligand-free nanoparticles,
implies poor charge transport through the material. The high series resistance
could come from the CZTS absorber, but it could also originate at the top
contacts. The low shunt resistance implies that shunt paths exist in the solar
cell. Especially the JV-curve of the precursor cell is very steep near Jgc, i.e.
it has a low shunt resistance, but it is also seen for the ligand-free nanopaticle
device [60].

A SEM micrograph of a solar cell fabricated with ligand-coated nanoparticles
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is showed in Fig. [6.1{b). It had an efficiency of 0.1%. The CZTS film is 400
nm thick, and no distinct grains were seen either on the surface or within the
film, which could explain the high series resistance in similar devices and a low
electron lifetime within the CZTS.

The external quantum efficiency will also provide information of the Jsc. Fig.
displays a low quantum efficiency of less than 10% for the solar cell with
an efficiency of 0.1%. Furthermore, the EQE maxima at around 500 nm and
600 nm indicates that photons absorbed with these energies (2-2.5 €V) are the
greatest contributor to the photo-current. However, the peak in the EQE could
also stem from defect in CdS that are occupied at lower wavelengths. Therefore,
some groups do the measurement under white light or under bias [202] 200].

0.10

$550°C
——SnS 550°C
0.081 —— Hole 550°C
S N 400°C
E E o0 500°C
> B ——550°C
2 2 o4 ——600°C
9] L
< £

Energy (eV) Energy (eV)

(a) (b)

Figure 6.3: PL spectra of samples annealed with Na (a) and without Na (b). The samples
without Na were annealed at 550°C and all had an intensity of below 0.02
mV. The dashed line in (a) is for films made with water as the solvent, while
the solid lines are with ethanol. Water would in principle allow a higher
solubility of NaCl, and accordingly the film at 600°C has a higher PL signal
intensity, but the film annealed at 550°C does not. Measurement done by
Andrea Crovetto. Figure adapted from Paper IV.

6.3.2 PHOTOLUMINESCENCE OF ANNEALED LIGAND-FREE CZTS NANOPAR-
TICLE THIN FILMS WITH NA

The photoluminescence spectra of annealed samples with Na are displayed in
Fig. a). The highest intensity is achieved for the sample with 40% Na
that was annealed at 600°C, and thus the longest electron lifetime in CZTS.
Annealing at 600°C is significantly better than annealing at 550°C, which is
consistent with the film morphologies observed in Chapter 5] Still, the samples
with Na annealed at 550°C are significantly better than all samples without Na

(Fig. [6:3(b)).
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Figure 6.4: PL spectra of samples before and after water rinse, where (a) is for 5% Na,
and (b) for 15% Na annealed. Both samples are annealed at 550°C for 30
min. Measurement done by Andrea Crovetto.

The energy of the emitted photons should for a defect-free material correspond
to the band gap but be broadened by thermal distribution of energy states. Yet,
the samples with Na that are annealed at 600°C peak between 1.3 €V and 1.33
eV, and at 1.37 eV for 550°C. This off-set from the CZTS band gap of 1.45-
1.51 eV is commonly seen, and related to the existence of unwanted tail states
in the CZTS system [203]. Na-inclusion has been seen to shift the PL peaks
closer to the band gap, but it is not observed here [204]. The broadening of the
peaks is also related to either band-to-tail or tail-to-band recombination, and
reveals the existence of states within the band gap. As discussed in Chapter [T}
several defect states, secondary phases, and disordering phenomena can exist in
the Cu-Zn-Sn-S system, and will significantly lower the PL quantum yield by
introducing non-radiative recombination pathways.

The PL intensity was also measured on samples after a quick water rinse, with
the purpose to remove excess NaCl. As it is also customary to deposit the buffer
layer in a water-based solution, all samples would experience this treatment
anyway. The PL spectra before and after water rinse are showed in Fig. [6.4] for
two different samples. Interestingly, the PL intensity decreases after water rinse,
indicating a lower electron lifetime in CZTS. However, these are preliminary
results, and a water rinse may not impact the absorber in a destructive manner
as the buffer layer is deposited thereafter.

6.3.3 SOLAR CELL ANNEALED IN SELENIUM-ATMOSPHERE

To conclude this thesis, a device that was completed at NTU in Singapore will
be presented. At NTU, they anneal in selenium atmosphere, and they have a
well-established process for fabricating solar cells. The device characteristics of
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Figure 6.5: Photovoltaic performance of CZTSe solar cell fabricated with ligand-coated
CZTS nanoparticles at DTU, but annealed in selenium atmosphere at NTU in
Singapore. The device was also completed in Singapore. Measurement done
by Zhanggang Li.

a solar cell made from ligand-coated CZTS nanoparticles synthesized at DTU
and annealed at NTU can be seen in Fig. with a comparison to a solar cell
fabricated in-house at DTU. In total four samples were prepared at NTU, and
the best efficiency was 1.41%, while the others were below 0.2%}

6.4 OUTLOOK

The best solar cell fabricated in-house had a power conversion efficiency of 0.2%,
while the best solar cell fabricated at NTU had an efficiency of 1.4%. The
increase in efficiency is mostly because of the higher short-circuit current-density.
The improvement, could both be a result of annealing in selenium atmosphere,
as larger grains were observed, or a better quality of the remaining layers.

A high photoluminescence intensity is achieved for films with sodium, and a
correlation between grain size and PL signal was seen. The next step should
be to deposit a uniform film of appropriate thickness and with good contact to
the other layers. Once this is carried out, a good solar cell efficiency may be
achieved.

IThis was the first time I tried doctor-blading, and there were cracks in the not-working
samples.






CHAPTER 7

CONCLUSION

The aim of this thesis was to synthesize CZTS absorber materials that could be
used to fabricate solar cells with a power conversion efficiency of 4%. This goal
was not achieved. In fact, the highest efficiency obtained was 0.2%. However,
other milestones have been reached in the process.

The first step of the solution-processing route is ink formation. At an early
stage, we decided to pursue the nanoparticle ink approach, and nanoparticle
synthesis was covered in Chapter 2] In a rather established field, two new syn-
thesis recipes were developed with the aim of easier handling conditions and a
better material for the subsequent processing steps. The first track concerned
synthesis of large CZTSe nanoparticles with a wide size distribution. This was
achieved by utilizing a two-step hot-injection method. The second track con-
cerned developing nanoparticles without any hydrocarbon surface coatings, as
these organic ligands have been challenging to remove in the succeeding an-
nealing steps. By choosing suitable solvents and precursors, organic ligand-free
nanoparticles were successfully synthesized in a facile one-step process. These
particles further had the advantage that they could be dispersed in solvents
such as water and ethanol, which makes them more practical for spray-coating.
The composition could be tuned by changing the precursor concentration, but
not always in a predictable manner. For particles synthesized with the opti-
mal Cu-poor and Zn-rich composition, a SnS secondary phase as part of the
nanoparticles was hard to avoid. As these particles should only function as the
starting material for grain growth, and SnS was anticipated to evaporate during
annealing, we did not try to control it further.

To better understand how the solvents and ligands are removed from the films
and particles, the as-synthesized material was characterized by thermogravimet-
ric analysis coupled with a mass spectrometry, as shown in Chapter[3] No clear
difference was detected between using an atmosphere of nitrogen or forming gas.
We saw that water and ethanol evaporate as whole molecules, while oleylamine
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either thermally decomposes in smaller fragments or evaporates. The tempera-
ture required to remove part of the oleylamine ligands was almost 100°C above
its boiling point.

In Chapter [5] and Chapter [6] the aim was to fabricate thin film absorber layers
from CZTS nanoparticle and precursor inks. Films were deposited by a range
of techniques, including spray-coating, doctor blading, and drop-casting. Con-
verting the as-deposited amorphous or nanocrystalline thin films into an almost
"monocrystalline" material is not very effective under the current sulfurization
conditions. The literature on annealing of CZTS or CIGS nanoparticle thin
films typically describes the presence of porous materials or of an organic layer
at the back interface - which were also typical features in our absorbers. In the
present work, we have shown that it is possible to achieve a dense material with
micron-sized grains when removing the hydrocarbon ligands and employing a
liquid phase additive during sintering. Sodium in the form of NaCl salt was for
the first time dissolved directly in the nanoparticle ink. The addition of sodium
had a significant impact, and it greatly enhanced both structural and optoelec-
tronic properties of the films, but it also required an annealing temperature of
600°C.

7.1 IDEAS FOR FUTURE WORK

Whether or not it is environmentally-friendly to fabricate a solar cell at 600°C is
open to discussion, and could be assessed with a life cycle analysis. The objec-
tive now should be to identify mild processing conditions that can enable higher
performances in CZTS nanoparticle films deposited under ambient conditions.
For liquid phase synthesis, the CZTS phase is formed at 220°C, while when
sulfurizing precursors the CZTS phase is formed above 500°C. From a mild
processing condition point of view, synthesizing CZTS nanoparticles at 220°C
could therefore be favorable. The risk of annealing below 500°C is the forma-
tion of unwanted secondary and ternary phases, but this may be controlled by
suitable vapor pressures of relevant species as well as fast sintering times. Uti-
lizing the findings in Chapter [2]on how to synthesize larger particles, can also be
useful. As proposed in the outlook of Chapter 5] finding a liquid phase additive
that does not require a high temperature processing step to enhance the rate of
densification, could be a good place to start.

On the contrary, instead of trying to counteract the porosity of the absorber,
perhaps it would be better to exploit this inherent morphology. If the diffu-
sion length is low because of traps in the material, maybe adapting a solar
cell structure similar to many organic solar cells would be advantageous for
solution-processed CZTS. Bulk hetero-junction (BHJ) solar cells are based on
randomly mixed n- and p-type materials which will increase the junction in-
terface. Surrounding this BHJ are a hole-blocking layer on one side, and an
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electron-blocking layer on the other, which ensures that only the desired carri-
ers can enter into the external circuit. For CZTS this would require a porous
absorber layer, and an n-type material that can be deposited to fill out the
voids and thus create a dense p-n junction. This layer could be deposited with
chemical bath deposition, as CdS currently is, or with for example spin-coating.
Obviously, the energy bands have to match CZTS, which could perhaps result
in a better buffer layer than CdS in the end.
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APPENDIX A

GANTT CHART OF PROJECT

All tasks include literature review, experiments, and characterization. All pro-
cesses have been carried out continuously, but are displayed when they were the
main objective of the work. The milestones were specified in the project de-
scription, and are coloured red when they were reached. A list of the milestone
can be seen in Table This project was initiated in month 8 (M8).

Table A.1: Milestone defined from project description.
Month Milestone

M8 Additional equipment purchased

M18 Conversion efficiency of cells of CZTS measured

M24 First films of CZTS produced with spray-coating at DTU Fotonik

M24 Conversion efficiency of CZTS films from spray-coating measured

M36 Production of CZTS films at Dansk Solenergi with spray-coating

M48 Possible prototype CZTS-cell produced with spray-coating at Dansk Solenergi

ready with an efficiency > 4%
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GANTT CHART OF PROJECT

Quarters

1 2 3 45 6 7 8 9 1011 12

Establishing experimental setup [N
Purchasing equipment I

Additional equipment purchased
Finding available lab with fume hood
Setting up Schlenk line

Oven design, purchase and building
Synthesis

Ligand-coated CZTS
Ligand-coated CZTSe

Ligand-free CZTS

Deposition

First spray-coated films
Spray-coating at Dansk Solenergi
Annealing

Ligand-coated CZTS

Ligand-free CZTS

Solar cells

Efficiency measured

Efficiency of spray-coated films

>4% prototype at Dansk Solenergi

<&

¢
|
' 1]

0% complete

TODAY



APPENDIX B

CONSIDERATIONS TO
DETERMINE PARTICLE SIZE
DISTRIBUTION

We compiled a list of considerations on how to obtain a representative size
distribution:

o If particle aggregation is severe, larger particles tend to "hide" in the center
of the aggregate, dark field and bright field images can help to measure
these sizes in the thicker regions of the aggregate.

e Very small particles can stick to the surface of the larger particles, with-
out being uncovered. Therefore, the size distribution might not be very
accurate for sizes below 5 nm. However, these will also be washed out in
the washing steps, and their presence is not crucial for the discussion here.

e The assumption that the particles are spherical should also be assessed.
Most of the large CZTS particles were hexagonal, indicating this prefer-
ential growth direction. However, there is a possibility the particles are
flat or somewhat else distorted, but we did not see any sign of this.

e It is important to collect images that each includes a representative size
distribution of the particles.

e To observe the full particle size range, it was necessary to record images
at different magnifications. For instance, small particles are observed by
HRTEM. It should therefore be noted, that although representative images
were aimed for, the particle size distribution will necessarily be biased by
the number of recorded images at each magnification.






APPENDIX C

THERMOGRAVIMETRIC AND
DIFFERENTIAL THERMAL
ANALYSIS

In this appendix, relevant considerations on choosing the correct experimental
conditions for TGA and DTA analysis are described. In addition, check-up on
the temperature accuracy and calibration of the heat flow is also presented. Part
of this appendix was used for a report in a course (47314 Thermal Analysis -
Experimental Course). Finally, the DTA results are shown.

EXPERIMENTAL CONSIDERATIONS

The STG analysis was carried out on a Netzsch STA 409CD, which can measure
from room temperature to 1500°C, with a range of 5 g, resolution of 1 ug and
enthalpy precision of + 3 %. There are many factors to consider when choosing
the right experimental conditions for a measurement, [205]. In the following,
the most important ones are covered.

e Crucible: It is important that the crucible chosen is compatible with
the sample material and temperature profile, to avoid reaction with the
sample or volatile species from the sample, and melting of the crucible.
Corundum (Al;O3) crucibles are suitable for organic materials and metals,
whereas platinum crucibles are not recommended for metals and reduc-
ing atmospheres. Since there might be some metal phases in the CZTS
nanoparticles, and since reducing gases would be used, corundum cru-
cibles were chosen. For powder samples no lid was used, as it allows
better contact to the reaction gas, and for liquid samples a lid would limit
fast evaporation of solvents to a certain amount and ensure a better heat
distribution inside the crucible. However, the lid was pierced to avoid
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pressure build-up of the evolved gases. The thermal conductivity of the
crucible would influence the signal, and Al,O3 has a larger time constant
than metals, which produces broader peaks, but Al,O3 should be sufficient
for this purpose.

e Atmosphere: Oxidizing (air), inert (N3), and reducing (4.5% Hs in Ar,
also called forming gas) atmospheres were chosen for the experiments.
Among these, care should be taken when working with reducing atmo-
sphere, as it can be toxic and flammable. In our case, when annealing
sulfides, the possibility exists of forming hydrogen sulfide which is a very
toxic gas. These atmospheres all have similar gas densities, and only one
baseline was necessary per measurement. The flow rate was chosen to be
100 ml/min as is standard, and this should be high enough to avoid con-
densation of gases on cooler parts of the suspension and to avoid risking
to suck air in from the outside, and still low enough not to disturb the
normal laminar flow around the sample stage.

e Temperature profile: The starting temperature should be 50°C before
the first thermal event in an ideal caseq, and the final temperature should
be 50°C after the last thermal event, for the temperature, gas flow etc. to
stabilize. The STA 409CD cannot go lower than room temperature, and
therefore the starting temperature was set to this. The heating rate was
chosen to be similar to the heating rate used in typical annealing processes,
i.e. 12 K/min. Isothermal steps were also carried out to exactly copy the
annealing done in practice. The cooling rate was set to the same as the
heating rate for comparison.

e Sample preparation: The sample mass should be similar when com-
paring two experiments, as a low mass will have a higher resolution but
lower DTA signal than a high mass. For high mass samples, the heat
distribution would take time, and this would smear out the kinetics, and
thus give lower resolution, but the signal will increase and provide a better
signal-to-noise ratio. When preparing the sample, it is also very important
that there is a good contact between the sample and the crucible, for a
good thermal contact to the sample and to ensure that the thermocouple
is precise. Finally, the crucible position inside the chamber is important
for reproducibility.

Baselines were measured in order to account for external factors affecting the
measurement. One example of a such is the buoyancy effect, which accounts
for decrease in the density of the atmosphere in the instrument as temperature
increases, and therefore also the mass increases of the measured sample. Once
the baseline scans were done, sample masses of between 10 and 25 mg were
weighed and placed in the sample crucible, and the measurement was started.
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The data was analysed with the Proteus61 software. First, it was checked that
the flow was stable, and then the curve was evaluated according to any inter-
esting properties.

CALIBRATION OF TEMPERATURE AND HEAT FLOW

It is necessary to calibrate the temperature and heat flow regularly, and to
determine whether a temperature calibration was required, the temperature
accuracy was checked with a few melting point standards. The chosen ones
were KNOj3, KClOy4, and AgsSO4 from the NIST-ICTA reference materials, as
these materials have melting points at 128°C, 299°C, and 424°C, respectively,
and covers the region of interest for these experiments. Melting point standards
are convenient as the signal response is significant and reproducible and they
resemble the samples used here. An example of how the onset temperature and
peak area are determined is showed in Fig. [CI} As can be seen from Table[C.]
the measured temperatures were within the tolerance of the instrument, and no
calibration will be carried out.

Flow /(ml/min)
TG /% DTA /(V/mg)
— Texq -0.55
190
-0.60
105 A 180
-0.65
170
104 A -0.70
160
-0.75
150
103 0.0
140
i -0.85
102 4 Onset™ 426.4 °C ‘s" 130
Onset: 426.7 °C ;“ -0.90
/ 120
oy N I
1011 Onsel?. 426.9°C Avea: 1448 simg) -0.95
Arear 1728 pVsimg 110
-1.00
100
410 420 430 440 450 460
Man 20153611 1650  User ssen Temperature /°C

Created wilh NETZSCH Profeus sofware

Figure C.1: Example of calibration measurements on melting point standards, here
AgoSO4. Three measurements were carried out, and the temperature was
determined as an average of the extrapolated onset, and the peak with a
Belzier baseline.

Similarly, the heat flow can be deduced from the area under the peak in the
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Table C.1: Temperature check in relevant temperature region with three melt-
ing point standards. T,, is the literature value, and T., ,ns. the
extrapolated onset from the measurement. The difference is found
to be accepted for this purpose.

Melting point standard T (°C) Tez.ons. (°C) T -Tez.ons. (°C)
KNO3 128 129 -1
KClO4 299 300 -1
Ag2SO04 424 427 -3

DTA curve. The heat of fusion, or melting enthaply, AH, can be found from
literature, and a calibration faction, K (7'), can be determined from the following
relation

AH =K(T)- A (C.1)

where the peak area, A, is calculated from the DTA curve. The peak area of the
second and third curves was calculated with a Bezier baseline, and can be seen
in Table[C.2] The Bezier baseline is proper to use when the curve have similar
curvature before and after the thermal event, i.e. no changes in the specific heat
capacity during the melting process.

Table C.2: The calibration factor was calculated from the melting point peak
area for the three standard materials for different melting en-
thalpies (heat of fusion) found in literature. The values marked
in bold are believed to be the correct melting enthalpies and cor-
responding calibration factors as they seem to match the measure-
ments done here best.

Melting point standard  Enthaply (J/g) Peak area  Calibration factor
(nVs/mg)  (kA)

KNO3 95.0[149]/50.4[2086] /25.1[206]  18.4 5.16/2.74/1.36

KClO4 100.5[206] 37.1 2.71

AgaS04 57.7[149] /51.7[2086] 16.4 3.52/3.15

The enthalpy values from literature vary, as some account for melting and some
for crystallization, but the believed melting enthalpies are marked in bold, as
they resemble the measurements done here the most. A calibration factor around
K(T) = 3 should therefore be appropriate. Any variations in the measured en-
thalpy can result from many factors, but the crucible position inside the chamber
is a main one.
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Figure C.2: DTA curves for ligand-coated and ligand-free nanoparticle powders in dif-
ferent atmosphere. The temperature increases with 12 K/min until 560°C,
where the temperature is kept for 1 h.

REsULTS

DTA measures the temperature difference between the sample and a reference
sample, and can tell us whether a reaction is endothermic or exothermic. A
comparison of the different atmospheres is displayed in Fig. [C:2|for the two types
of nanoparticle powders. All sample masses were between 16 mg and 21 mg, so
no large variation in DTA signal should stem from this. The DTA measurement
indicates an endothermic reaction initially for all atmospheres, e.g. thermal
decomposition of organic material or vaporization (water evaporation). Once
the heat-up phase is complete, the DTA signals return to approx. 0 mW /mg, and
no heat flow is detected throughout the isothermal step. Crystallization would
be detected as an exothermic peak, and as would oxidation, of which there are
no signs here. The DTA curves are rather similar for the two types of particles.
The initial phase is uncertain, as the system needs to stabilize, and should
not be considered. In the literature, differential scanning calorimetry (DSC)
measurements have been done on sol-gel solutions, where an endothermic peak
was seen initially, followed by an exothermic peak indicative of crystallization

[207].






APPENDIX D

SEM MICROGRAPHS OF CZ'TS
NANOPARTICLE SOLAR CELLS




136 SEM MICROGRAPHS OF CZTS NANOPARTICLE SOLAR CELLS

(d) After annealing

(a) Liu et al. [31]

Buffer/TCO

LB

Mo back

contact
~ 400 nm

(b) Kim et al. [146]

Figure D.1: SEM micrographs of CZTS nanoparticle solar cell cross-sections.
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(b) Gu et al. 28]

Figure D.2: SEM micrographs of CZTS nanoparticle solar cell cross-sections.
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(c) Steinhagen et al. |26]

Figure D.3: SEM micrographs of CZTS nanoparticle solar cell cross-section (and top sur-
face for (d)).



APPENDIX E

ANNEALING OF
LIGAND-COATED CZ'TS
NANOPARTICLE THIN FILMS

In this appendix, SEM images and selected XRD pattern for ligand-coated CZTS
films annealed under different conditions will be presented. The annealing con-
ditions investigated were: amount of sulfur in graphite box, annealing time, and
background pressure.

The effect of adding different amount of sulfur into the graphite box during
annealing can be seen in the SEM images in Fig. Large grains grow on top
of the film, and no grain growth is detected within the films (Fig. [E.1{b)). The
triangular grains on the 0 mg S film are likely a different phase. Sn-S is known to
grow as plates, but according to the EDX and XRD measurements, they could
also be ZnS. No clear difference can be seen between the various S-amounts,
but the largest grains appeared when adding 100 mg S, so all future annealings
used this amount. The sulfur content in the film was found not to vary with the
amount of sulfur in the graphite box (Table . The XRD patterns for some
of the corresponding films shows the desired CZTS phase for all samples except

the 0 mg S samples (Fig. [E.2{a)).

The influence on annealing time can be seen in Fig. [E:3] Again, grains are
seen to grow on top of the surface. It is difficult to estimate from these images,
whether more grain growth occurred for longer annealing times. Cracks in the
film could be detrimental to a solar cell, but we see here that if the cracks are
around 1 pm, CZTS grains can grow inside them and fill out the voids.

Finally, the background pressure was also investigated, and again grains were
seen on the surface (Fig. [E.4).
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Pre-annealing Omgs 20mg5S

Pre-annealing 50mgs 100 mg S 200mg S
(b)

Figure E.1: Top view (a) and cross-section (b) micrographs of ligand-coated films an-
nealed at 550°C for 30 min with different amount of S powder in the graphite
box. Images acquired by Andrea Crovetto.
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Figure E.2: XRD patterns of different amount of sulfur in the graphite box. The CZTS
phase was the only identified phase on all samples, except the 0 mg S sample.

2 hours

Figure E.3: Top view micrographs of ligand-coated films annealed at 550°C with 100 mg
S for different annealing times. Images acquired by Andrea Crovetto.

(a) 1 mbar (b) 1075 mbar

Figure E.4: Top view SEM micrographs for ligand-coated nanoparticle films annealed
under different background pressure, with (a) 1 mbar, and (b) 10~° mbar.
Samples are annealed at 550°C for 30 min with 100 mg of S powder in the
graphite box. Images acquired by Andrea Crovetto.
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Table E.1: Composition for samples annealed with different amounts of S
added in the graphite box.

Sample Cu/(Zn+Sn) Zn/Sn S (%)
As-synthesized 0.67 1.57 48.2
0 mg S 0.63 2.54 53.9
20 mg S 0.6 1.96 53.6
50 mg S 0.63 2.07 54.3
100 mg S 0.70 1.75 53.3

200 mg S 0.72 2.28 57.4
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